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ABSTRACT
One of the ways to lower the cost of nuclear energy is to increase the power density of the
reactor core. Features of fuel design that enhance the potential for high power density are derived
based on characteristics of the pressurized water reactor (PWR) and its related design limits.
Those features include: large fuel surface to volume ratio, small fuel thickness, large fuel rod
stiffness, low core pressure drop and an open fuel lattice design.
Three types of fuel designs are evaluated from the thermal-hydraulic point of view:
conventional solid cylindrical fuel rods, internally and externally cooled annular fuel rods, and
spiral cross-geometry fuel rods, with the major effort allocated to analyzing the annular fuel.
Limits of acceptable power density in solid cylindrical fuel rods are obtained by examining
the effects of changing the core operation parameters, fuel rod diameter and rod array size. It is
shown that the solid cylindrical geometry does not meet all the desired features for high power
density well, and its potential for achieving high power density is limited to 20% of current PWR
power density, unless the vibration problems at the coolant higher velocity are overcome.
The internally and externally cooled annular fuel potential for achieving high power density
is explored, using a whole core model. The best size of fuel rods that fits in the reference
assembly dimension is a 13x13 array, since the hot red will have a balanced MDNBR in the
inner and outer channels. With proportional increase in coolant flow rate, this annular fuel can
increase PWR power density by 50% with the same DNBR margin, while reducing by 1000 'C
the peak fuel temperature. Five issues involving manufacturing tolerances, oxide growth on rod
surfaces, inner and outer gap conductances asymmetry, MDNBR sensitivity to changes in core
operation parameter and resistance to instabilities were also evaluated. It is found that the main
uncertainty for this design is associated with the heat split between the inner and outer channels
due to differences in the thermal resistances in the two fuel-clad gaps. Annular fuel is found to be
resistant to flow instabilities, such as Ledinegg instability and density wave oscillation due to
high system pressure and one-phase flow along most of the hot channel length. Similar power
density uprate is found possible for annular fuel in a hexagonal lattice.
Large break loss of coolant accident (LBLOCA) for the reference Westinghouse 4-loop PWR
utilizing annular fuel at 150% power is analyzed using RELAP, under conservative conditions.
The blowdown peak cladding temperature (PCT) is found to be lower because of the low
operating fuel temperature, but the flow rate from the safety injection system needs to be
increased by 50% to remove the 50% higher decay heat. Loss of flow analysis also showed better
performance of the annular fuel because of its low stored energy.
The fuel design that best meets the desired thermal and mechanical features is the spiral
cross-geometry rods. The dimensions of this type of fuel that can be applied in the reference core
were defined. Thermal-hydraulic whole-core evaluations were conducted with cylindrical fuel
rod simplification, and critical heat flux modification based on the heat flux lateral
non-uniformity in the cross geometry. This geometry was found to have the potential to increase
PWR power density by 50%. However, there are major uncertainties in the feasibility and costs
of manufacturing this fuel.
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1. INTRODUCTION
1.1 BACKGROUND
Nuclear power will be a successful power generation technology in the long run only if it has
lower cost (both economical and social) than other competing technologies. This is becoming
especially true as electricity markets are progressively abandoning economic regulation in many
parts of the world. One of the promising approaches to lower the cost of nuclear power is by
increasing the power density of the reactor core.
The evaluation of benefits of higher core power density to plant economics may be different
for existing power plants v.s. new power plants. For the existing power plants, the economic
benefits are obvious if the plant power is uprated without demanding expensive equipment
replacements. For new power plants, the capital cost of the whole plant will dominate the bottom
line of the cost. Nevertheless, if core power density is increased, there is some benefit from a
relatively smaller reactor vessel. In addition, the size of the containment can be kept the same
since the coolant enthalpy and primary coolant mass remain the same. A simplified assessment
of potential capital cost benefits for new PWR plant with higher power density core design can
be found in [Kazimi, 2002]
Nuclear power plant utilities have adopted an active program for power uprates since the
1970s to lower the dollar-per-kilowatt hour cost of power generation of existing nuclear power
plants. As of July 2004, the U.S. Nuclear Regulatory Commission (NRC) has completed 101
such reviews resulting in a gain of approximately 12,548 MWt (megawatts thermal) or 4,183
MWe (megawatts electric) at existing plants. [U.S. NRC, 2004] These power uprates were
mainly results of reducing the uncertainty or design margin rather than introducing design
changes. MIT has proposed consideration of annular fuel design with both external and internal
cooling surfaces to achieve a much higher increase of power density for pressurized water
reactors (PWRs) in an effort to have a significant impact on plant economy. [Hejzlar, et al.,
2001] Up to date, no thorough study has been made to address the topic of fuel design for high
power density for both current and next generation PWR cores. This work will be devoted to
filling part of this gap.
1.2 OBJECTIVES
The general goal of this thesis is to examine the best high power density core designs for
current and next generation pressurized water reactors. The scope of this work is limited to
thermal hydraulics. With core power density increased, margin to the specified design limits for
light water reactors should remain adequate, and possibly increased. The first effort will be
devoted to designing the desired features of fuel designs that will enhance the potential to
achieve high power density, derived from the characteristics of the PWR and its design limits.
Several fuel designs, including the conventional solid cylindrical fuel rod design, internally
and externally annular fuel design, and spiral cross-geometry fuel design, will be evaluated in
order to find the most promising design for achieving high power density through comparisons
among them.
The conventional solid cylindrical fuel design will be analyzed, for power uprate, through
changing the core operation parameters and changing the rod diameter and array size. The
potential for power uprate of this fuel design will be worked out once the design limits are met
with minimum acceptable margin.
A major effort will be allocated to modeling and designing the internally and externally
cooled annular fuel. The internally and externally cooled annular fuel rod has two cooling
surfaces: the outer clad contacting the outer channel and the inner clad contacting the inner
channel. The coolant from the lower plenum flows into the outer channels, which allow for mass,
momentum and energy exchanges among adjacent channels, and also into the inner channels,
which are isolated and do not exchange mass and energy with other channels. The proposed
annular fuel introduces a new variable that needs to be considered in the thermal hydraulic
design - pin internal cooling flow rate. For an annular fuel rod with an internal cooling hole,
only part of the heat generated is transferred to the external coolant in the open fuel pin array and
the remaining part proceeds to the coolant flowing through the inner channel. An important task
for the thermal-hydraulic optimization process is to achieve a coolant flow split between the
outer and inner channels, and a heat conduction split in the annular fuel rods to the inner and
outer surface, such that the cladding surface temperature, coolant enthalpy rise, and especially
DNBR in both channels are approximately equal. The MDNBR in the core is maximized when
the MDNBR values in the'inner channels and the outer channels are the same.
The main objective of the thermal-hydraulic design of the annular fuel is to identify the most
promising fuel pin configuration and assembly design that achieves a significant increase in
PWR power density while having comparable or better safety margins to current PWR fuel
design. In order to have a thorough investigation of the high power density annular fuel, selected
key transients and accidents will also be analyzed. After all the analyses, the potential of the
annular fuel for power density uprate will be defined with confidence.
The third fuel geometry that will be analyzed is the spiral cross-geometry. This fuel has only
external cooling and thus avoids the issue of heat removal splitting. The potential for high power
density core based on this fuel geometry will also be evaluated. However, the real challenge for
this fuel may be in the manufacturing area, where only a limited exploration is made.
1.3 THEORY AND TOOLS USED IN THE ANALYSIS
The evaluation will be relying on the following well known codes to calculate the
thermal-hydraulic performance at steady state and during transients. These codes have been well
characterized for the current reactors, but their extension to innovative designs will introduce a
larger scale for uncertainty, as will be seen.
1. VIPRE-01/MOD2
This is a code for thermal-hydraulic analysis of LWR cores extensively used by nuclear
power plant utilities and certified by NRC. It is designed to evaluate nuclear reactor core safety
limits including minimum departure from nucleate boiling ratio (MDNBR), critical power ratio
(CPR), fuel and clad temperature, and coolant state in normal operation and assumed accident
conditions [Cute, et al, 1985]. This code will be used mostly for steady-state whole core
subchannel calculations. The code will also be used to calculate transients, with boundary
conditions calculated by the system codes that are capable of simulating the whole primary
coolant system.
2. RELAP5-3D/ATHENA
This code has been developed for transient simulation of light water reactor coolant systems
during postulated accidents. The code models the coupled behavior of the reactor coolant system
and the core during loss-of-coolant accidents and operational transients. [RELAP5-3D, 2003]
Another safety analysis code is MARS, which is a derivative version of RELAP5/Mod 3.2 and
was extensively re-structured at Korea Atomic Energy Research Institute. [Lee et al., 2002]
3. FEMLAB
This software, which is on-top of the software MATLAB, can be used to calculate partial
differential equations with the finite element method. The software will be used to calculate the
temperature distribution and heat flux in the cross-geometry fuel with specified boundary
conditions.
1.4 ORGANIZATION
The thesis is divided into several chapters. An introduction of the characteristics of a
pressurized water reactor and derivation of the merits for fuel designs that can achieve high
power density is given in Chapter 2. Power uprate analysis using the solid cylindrical fuel rods is
given in Chapter 3. Chapter 4 will be dedicated to modeling and designing the internally and
externally annular fuel, while Chapter 5 will discuss the selected safety analyses for the annular
fuel. Annular fuel with hexagonal lattice is discussed in Chapter 6. Derivation of the spiral
cross-geometry fuel geometry and its design will be given in Chapter 7. Conclusions and
recommendations for future work are given in Chapter 8. Finally, the inputs for the calculations
throughout the thesis will be given in the appendixes.
2. CHARACTERISTICS OF A PWR
In a pressurized water reactor, water at high pressure (typically 15.5 MPa) and moderate
temperature (about 315 'C) is circulated through the reactor vessel where it is heated by
extracting the heat generated by nuclear reactions from the fuel. The hot water is pumped to the
steam generator where it transfers heat to the secondary coolant which boils at a pressure of
about 7.0 MPa and drives the turbines coupled to the electricity generator. The initial pressurized
water reactors for electricity power production were developed in the United States by the
Westinghouse Electric Company. This is now the most widely used type of reactor. More than
230 units in more than 20 countries are in use to generate electrical power. The Westinghouse
4-loop PWR (Seabrook) was chosen as the reference design for evaluation of the high power
density core designs in this work. [McMahon et. al., 1997]
2.1 DESIGN LIMITS FOR PWRS
Pressurized water reactors conventionally employ thin cylindrical rods with oxide fuel pellets
and metallic cladding. For these hermetically sealed fuel pins, thermal design limits have to be
imposed to maintain the integrity of the clad, so that radioactive fission products are contained
within the cladding. In theory, these limits should all be expressed in terms of structural design
parameters, e.g., strain and fatigue limits for both steady-state and transient operations. However,
it is quite impractical to specify the limits in these terms because the behavior of materials in
radiation and thermal environments in power reactors is very complex. So, the design limits for
the power reactors have been imposed directly on certain temperatures and heat fluxes.
The damage limits for the reference PWRs employing metallic clad are 1% plastic strain and
Minimum Departure from Nucleate Boiling Ratio (MDNBR) smaller than 1.0. The departure
from nucleate boiling is related to the critical heat flux phenomenon which results in a drastic
reduction of the heat transfer capability of the two-phase coolant. For the fuel rods, reduction in
surface heat transfer capability at normal bulk coolant temperature and clad heat flux causes the
clad temperature to jump. Physically, a change in the liquid-vapor flow patterns at the heated
surface causes the reduction to occur. At PWR operating conditions, void fractions are low. The
hot fuel rod surface is normally cooled by nucleate boiling. Once the surface is totally covered
by vapor, the clad surface temperature will sharply increase. In the low void fraction regime in a
PWR core, the ratio of the critical heat flux divided by the operating surface heat flux is called
departure from nucleate boiling ratio (DNBR). The most limiting point that has the smallest
margin to critical heat flux phenomenon is the point that has the minimum departure from
nucleate boiling ratio, thus the design limit is expressed in terms of MDNBR.
In practice, in order to have adequate design margins, the MDNBR is required to be larger
than 1.0, typically 1.2 or 1.3 depending on the correlation used for evaluating the critical heat
flux. If steady-state calculations are used for the design procedures, an overpower condition,
typically at 18%, may be applied to the steady-state operation condition in order to meet all the
anticipated transients. It should be noted that conservatism may be introduced in different ways
by different vendors. Yet, consistent approaches should be used if comparisons between different
designs are to be performed so that the comparison results are meaningful. More discussion on
the approach to thermal margins will be given in the following chapters.
Another design limit may be derived from transient situations, specifically in the loss of
coolant accident (LOCA). At normal operation conditions, the pressurized water in the core
cools the rod surface so that the clad temperature is limited to a narrow band above the coolant
saturation temperature so that it is typically not necessary to employ a steady-state limit on clad
temperature. However, a significant limit on clad average temperature has to be employed for the
transient conditions like the LOCA. For this accident, a key limit is that the Zircaloy clad
temperature has to be below 2200 'F (1200 oC) to prevent extensive occurance of self-heating
metal and water chemical reactions.
The temperature profile of the clad during a LOCA, especially large break loss of coolant
accident (LBLOCA), usually has two peaks: one is the blowdown peak cladding temperature
(PCT); and the other is the reflood peak cladding temperature (PCT). The blowdown PCT exists
during the period of ejection of the pressurized water from the pressure vessel after the break
develops and while the pressure in the primary system decreases steeply. Heat transfer at the
surface of the rods is worsened and the heat stored in fuel is transferred to the clad causing the
temperature of the clad to rise before it is cooled by the emergency coolant flow. So, the
blowdown PCT is primarily determined by the stored energy in the fuel, and more precisely, by
the temperature profile in the fuel if heat capacity is assumed nearly constant. This has some
implications for a better design to achieve high power density that will be discussed later. The
reflood PCT is mostly determined by the decay power, the capacity of the emergency water
injection system and the geometry of the fuel and the core. Lager capacity of the safety systems,
especially larger water flow rate from the safety injection system, will provide more coolant flow
into the primary system. A small pressure drop in the core is helpful to having a larger portion of
the flow directly into the core, and less flow bypassing the core, through the broken loop, to the
containment.
The last thermal limit is on the fuel temperature. No incipient melting is allowed in the fuel.
The most limiting point of the fuel temperature is at the centerline of the fuel pellet existing at
hot spot of the core, typically also where the linear heat generating rate is the largest. The
melting point of U0 2 is in the vicinity of 2840 OC. The melting point is somewhat reduced by the
presence of PuO2 after significant burnup. The melting process for the oxide starts at a solidus
temperature but is completed at a higher temperature called the liquidus point. The melting range
is affected by the oxygen-to-metal ratio and the Pu content. It is often assumed that, in LWR
designs, the fuel temperature should be below the conservatively low value of 2600 'C.
There are many other safety criteria for LWR fuel using UO2 and zircalloy cladding. A good
review of them can be found in the review generated by Nuclear Energy Agency. [OECD, 2001]
The design limits discussed above are the key limits for evaluating fuel geometries that can
better achieve high power density.
2.2 FEATHERS FOR HIGH POWER DENSITY FUEL DESIGNS
The previous section discusses the main thermal limits for LWR fuels. In order to design a
high power density core, more issues have to be addressed including flow induced vibration,
pressure drop and feasibility of manufacture of the fuel designs. This section will discuss the
feathers for achieving a high power density fuel derived from the above as well as other design
limits and issues.
2.2.1 Large Surface to Fuel Volume
In a PWR, the coolant also acts as the moderator. From the neutronics point of view, the ratio
of hydrogen to metal (H/M) has to be adequate for moderation of the neutrons. So it is important
to have good moderator/coolant-to-fuel volume ratio in the core design. Modern PWR designs
have a coolant-to-fuel volume ratio of about 1.8 in the core. Once this ratio is fixed and total core
volume is pre-designed, the fuel volume and the coolant volume are decided.
For a given fuel volume, it is very desirable to have a large surface area since a large surface
area will lead to low surface heat flux, as the average surface heat flux is the total core power
divided by the total fuel surface area. The smaller the surface heat flux, the larger is DNBR since
it is the ratio between the critical heat flux to the surface heat flux, and the critical heat flux is
approximately constant for a given flow velocity, pressure and temperature. So, it is desirable for
high power density fuel design that the fuel surface-to-volume ratio be large.
2.2.2 Small Fuel Thickness
The small fuel thickness should be interpreted as a derivative of the desires that the fuel has a
low fuel temperature. Different fuel geometries have different characteristics of heat conduction.
Heat is generated in the fuel and is transferred to the surface of the cladding through heat
conduction where it is cooled by the flowing coolant. For a cylindrical fuel geometry, the
center-line temperature of the fuel is solely determined by the linear generation rate while the
diameter of the fuel rod has no effect on the center-line temperature or maximum fuel
temperature. [Todreas and Kazimi, 1990] Yet, the smaller the fuel rod diameter, the larger is the
number of fuel rods that can be incorporated in a given volume for a fixed total core power. The
linear heat generation rate of the fuel rod is smaller, so that the fuel centerline temperature is
smaller. Therefore, the smaller the fuel rod diameter, the lower is the fuel temperature in a given
core. For an internally and externally cooled annular geometry fuel, the fuel ring is thin and fuel
temperature is low. Therefore the average fuel temperature and the maximum fuel temperature
are low for a given power density.
The fuel temperature is one of the important aspects of high power density fuel since
increasing the power density of the fuel will increase the fuel temperature. As a thermal limit, the
fuel temperature should not exceed the melting point, and a low fuel temperature will have a
large margin to fuel melting. In addition, a high fuel temperature implies large stored thermal
energy in the fuel. The larger this stored energy, the worse is the performance of the fuel during
undercooling transients when the high stored energy migrates to the clad and increases its
temperature. One of the worst transients is during the blowdown phase of a large break loss of
coolant accident. The stored energy in the fuel will increase the peak cladding temperature
during this blowdown phase, when the heat transfer from the surface of the cladding to coolant
becomes very small due to vapor blanketing of clad surface, resulting from vaporization of the
primary coolant upon depressurization. Finally, a low fuel temperature is helpful to achieving
high burnup. Since the major limit for high burnup is the fission gas release that will lead to fuel
rod pressurization, low operating fuel temperature will be helpful in reducing fission gas release
and achieving high burnup. This will be beneficial for maintaining the same cycle length at high
power density.
2.2.3 Large Stiffness
In order to have high power density, the coolant flow rate has to be increased. Power output
extracted from a PWR core is proportional to the coolant mass flow rate and core temperature
rise. If the core outlet temperature is to be maintained below the saturation value and core inlet
temperature remains unaltered to maintain plant efficiency, the flow rate needs to be increased
proportionally to power. Larger mass flux is crucial for achieving high power density since it
will increase the critical heat flux of the coolant, at the low quality PWR operation conditions.
This will help to increase the DNBR margin. Large stiffness of the fuel rods will enable them to
resist flow induced vibrations at higher mass flow rates.
Low fuel rod stiffness may necessitate more grids support to limit the vibration. This will
increase the pressure drop in the core. High pressure drop in the core not only will require high
pumping power, sacrificing the plant efficiency, but also will make reflooding during loss of
coolant accidents more difficult.
2.2.4 Low Total Pressure Drop
The major two components of the total pressure drop in the core at steady-state are: the
pressure drop from friction forces along the axial length and from the form losses. The friction
part is determined by the hydraulic diameter of the flow channels. The hydraulic diameter is 4
times the wetted perimeter divided by the flow area. In order to have low surface heat flux, the
wetted perimeter (or cooling surface area) needs to be large. So, given the coolant volume, i.e.
the flow area, increasing the cooling surface area will inevitably decrease the hydraulic diameter
so that the friction part of the pressure drop will be increased.
The form loss part of the pressure drop consists of the pressure drop at the inlet, outlet and
the supporting grids. If the fuel rods are spaced by themselves, the supporting grids may not be
needed and, thus, the total pressure drop will be lower. Another possible situation is that the fuel
rods have large stiffness so that a fewer number of supporting grids is needed. This will also
have a lower pressure drop.
Low core pressure drop will save pumping power. In addition, low pressure drop in the core
will also make it easier to cool the fuel during a transient, especially during transients like a loss
of coolant accident. This is because during such an accident, the low temperature coolant from
the safety injection system that is driven to the loop could flow through the core, or bypass it to
the broken loop and leak out to the containment. If the pressure drop in the core is lower, more
coolant will flow through the core to cool the fuel, and less flow bypasses the core and is
essentially wasted. When the core power density is increased, the decay heat in the core is also
proportionally increased so that more flow from the safety system is needed to cool the fuel
during the accidents. At high power density, it becomes more important that more flow is driven
into the core to achieve quenching.
2.2.5 Open Parallel Channels
It is very important to design the coolant channels to be open for mass, momentum and
energy exchange. In a nuclear reactor core, the radial power distribution is not uniform. Some
channels will receive larger than average power. The channel that receives the largest power is
called the hot channel, and usually this is where the minimum DNBR exists. The MDNBR in the
hot channel is usually larger in an open core than that in a core that has isolated coolant flow
channels.
This is illustrated in the following calculations and comparisons between an isolated channel
core and an open channel core. Both cores represent PWRs with the same radial power peaking
and axial power distribution, and the power peaking factor for the hot channels in both cores is
1.65. They run at the same system pressure, coolant inlet temperature and core pressure drop.
The only difference between them is that the open channel core has a crossflow width of 3mm
between the sub-channels (the same as the reference PWR solid fuel open square lattice design)
while the isolated channel core does not allow crossflow between the channels.
It can be observed in Figure 2.1 that DNBR in the open channel core is larger than that in the
isolated channel core. The reason behind this can be worked out through comparing the pressure
drop, mass flow and quality along the axial height. Figure 2.2 shows the pressure drop along the
axial height. The total pressure drop across the core is the same for both cores. This is actually
the foundation for the comparison. Yet, the shape of the pressure drop along the core height is
different for the hot channels in the isolated channel core from that in the open channel core. The
hot channel in the isolated channel core has a smaller pressure drop in the lower half of the core
and it has a larger pressure drop in the upper half of the core compared to the hot channel in the
open channel core. The pressure drop shapes in the hot channel and the average channel in the
open channel core are almost the same. This is because the pressure difference between the hot
channel and the average channel in the open channel core at the same height is very small
because the gap width for crossflow is relatively large so that the flow resistance to the crossflow
between the channels is small. Thus, in the open channel core, the pressure drop along the hot
channel is determined by the pressure drop shape in the average channel. This is different for the
isolated channel core. The pressure drop shape along the height in every channel may be
different because there is no cross flow to balance them. The pressure drop along the channel is
more determined by the axial power shape and the constant flow rate in the channel. This can be
observed from Figure 2.3 where the mass flow rates in the hot channels of both cores are shown.
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Figure 2.1 DNBR in the hot channels in the two different cores
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Figure 2.3 Mass flow rate in the hot channels of the different cores
In the isolated channel core, the mass flow rate in the hot channel is constant, while in the
open channel core, the mass flow rate in the hot channel decreases along the axial height. The
mass flow rate in the hot channel of the open channel core is much larger at the inlet and it
decreases till it becomes a little smaller than that in the hot channel of the isolated channel core
at the exit. The decrease of the mass flux in the hot channel of the open channel core is due to
SIsolated channel core
- pe• n channel core
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increased pressure drop at the upper half of the core where sub-cooled boiling exists. The mass
flow rate along the axial height also explains differences in the pressure drop shape between the
hot channels of these two type cores. The hot channel in the isolated core has a smaller core
pressure drop in the lower half of the core than that in the open channel core because of its
smaller mass flow rate, while it has a larger core pressure drop in the upper half core because of
its larger mass flow rate, as shown in Figure 2.2.
Figure 2.4 shows the equilibrium quality in the hot channel of the cores. The quality in the
hot channel of the open channel core is smaller than that in the isolated channel core. Since the
power added to the hot channels is the same for both cores, the lower quality is due to the larger
mass flux in the open channel core. The quality differences explain the DNBR differences which
are shown in Figure 2.1.
It is clear that the open channel core is much less limiting than the isolated channel core. In
the hot channel of the open channel core, the pressure drop shape along the axial height is
determined by the pressure in the average channel through momentum exchange, and the
pressure drop shapes in the hot channel and in the average channel are almost the same. Affected
by this pressure drop shape, the mass flow rate in the lower half of the core is larger, which
keeps the coolant quality in the lower half of the core lower. The low quality coolant flows into
the upper half of the core where MDNBR will exist resulting in a larger MDNBR.
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2.2.5 Summary
In order to achieve a high power density, several requirements have been discussed in this
section. They are all based on the key design limits for a pressurized water reactor. The fuel
design that can achieve a high power density has to have a large surface to fuel volume ratio, thin
fuel thickness, large stiffness, low total core pressure drop and an open lattice design. It should
be noted that there are other considerations and requirements for a feasible fuel design,
especially the consideration of manufacturing costs.
2.3 REFERENCE PWR CORE AND PARAMETERS
In order to facilitate the analysis of high power density PWR core designs, a typical
Westinghouse 3411 MWth four loop PWR plant has been selected as the base case and as the
reference design for comparisons. Table 2.1 summarizes the design data of this PWR core. The
data were provided by Duke Engineering and Services (formerly Yankee Atomic Electric
Company) [McMahon et. al., 1997]. The details on the grid locations and grid type were not
available. The L-grids with mixing vanes were selected for the base case calculations because the
DNB correlation for this type of grids (W-3L) is available in the open literature. The grids are
assumed to be spaced 20 inches apart, which is a typical spacing with these grids. The effective
core flow rate for heat removal was taken as 5% less than the total flow rate to account for
bypass flow. Table 2.1 was referred from [Kazimi, et. al., 2002] and all dimensions are for cold
conditions.
Table 2.1 Operating parameters and selected characteristics of a typical Westinghouse 4-loop
PWR
Parameter 4-loop PWR
1. Plant
Number of primary loops 4
Reactor thermal power (MWth) 3411
Total plant thermal efficiency(%) 34
Plant electrical output 1150
Power generated directly in coolant (%) 2.6
Power generated in the fuel (%) 97.4
2. Core
'Core barrel inside diameter/dutside diameter (m) 3.76/3.87
Rated power density (kW/L)
Core volume (m3)
Effective core flow area (m2)
Active heat transfer surface area (m2)
Average heat flux (kW/m2)
Design axial enthalpy rise (FAh)
Allowable core total peaking factor (FQ)
3. Primary Coolant
System pressure (MPa)
Core inlet temperature (oC)
Average temperature rise in reactor (oC)
Total core flow rate (Mg/s)
Effective core flow rate for heat removal (Mg/s)
Average core inlet mass flux (kg/m2-s)
4. Fuel Rods
Total number
Fuel density (% of theoretical)
Fuel pellet diameter (mm)
Fuel rod diameter (mm)
Cladding thickness (mm)
Cladding material
Active fuel height (m)
5. Fuel Assemblies
Number of assemblies
Number of heated rods per assembly
Fuel rod pitch (mm)
Fuel assembly pitch (mm)
Number of grids per assembly
Fuel assembly effective flow area (m2)
Location of first spacer grid above beginning of heated length
(m)
Grid spacing (m)
Grid type
Number of control rod thimbles per assembly
Number of instrument tubes
Guide tube outer diameter (mm)
6. Rod Cluster Control Assemblies
Neutron absorbing material
Cladding material
Cladding thickness (mm)
Number of clusters Full/Part length
Number of absorber rods per cluster
Employs mixing vanes
104.5
32.6
4.747
5546.3
598.8
1.65
2.5
15.51
292.7
33.4
18.63
17.7
3,729
50,952
94
8.19
9.5
0.57
Zircaloy-4
3.66
193
264
12.6
215
7
0.02458
0.3048
0.508
L-grid*
24
1
12.243
Ag-In-Cd
Type 304 SS
0.46
53/8
24
3. SOLID CYLINDRICAL FUEL
3.1 INTRODUCTION
This chapter is dedicated to analysis of possible approaches of uprating the power density of
current PWR designs using conventional solid cylindrical fuel, from a thermal-hydraulic point of
view. The Chapter is divided into the following sections. First, characteristics of the solid
cylindrical fuel according to the merits for high power density presented in Chapter 2 will be
discussed. Second, an analysis of power density uprate through changing the core operating
parameters and increasing the array size will be discussed. Finally, a discussion of the
conclusions about the fuel rods with solid cylindrical geometry will be made.
3.2 CHARACTERISTICS OF SOLID CYLINDRICAL FUEL RODS CORE
A schematic cross-section of a solid cylindrical fuel cell is shown in Figure 3.1, where P is
the pitch of the lattice in an assembly, Df is the diameter of the fuel rods, V, is the volume of
coolant in the cell per unit length and V1 is the volume of the fuel per unit length. Define
a = Vc/V 1 , which we intend to keep constant so that there will be small effects on reactor
neutronics. We have neglected the cladding volume for simplicity. Characteristics of the fuel
geometry are discussed in the following sub-sections.
3.2.1 Surface to Fuel Volume Ratio and Total Cooling Surface Area
The ratio of the cooling surface area to the fuel volume, V, can be derived as follow:
xD f 4D 4 (3.1)
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Figure 3.1 Schematic cross-section view of a fuel cell in an assembly
It can be observed that the ratio of surface to volume of the cylindrical fuel rods is 4/Df. The
smaller the diameter of the fuel rods, the larger the ratio of surface to fuel volume is. The total
cooling surface area of the fuel rods in a core per unit length can be derived as:
4n 4 D/ 4n Vf 4n(l+ a)Vf 4n(Vf + V) 4nVcel3
S=nrD=,  - (3.2)
Df Df (1+a)D, (l+a)D (1+a)Df.
where S is the total cooling surface area per unit length of the fuel rods, n is the number of fuel
rods in the core, and Vce, equal to (Vf + Vc), is the volume of one fuel cell per unit length. Usually
in a PWR core, about 5% of the total core volume is taken by the guide tube cells and boundary
areas. If we neglect this small volume as well as that of cladding and assume that the volume in a
core is made of n fuel rods, based on Equation 3.2, we have:
S= 4Vcore (3.3)(1 + a)D,
where Vcore is the total volume per unit length of the core. It can be observed in Equation 3.3, that
the cooling surface area in the core is a function of the core volume and the fuel rod diameter and
the ratio of the coolant volume to fuel volume a. We have assumed a to be constant to minimize
effects on neutronics. Thus, given the core volume, the total core cooling surface area is
proportional to 1/Du. The smaller the fuel rod diameter ig, the larger the total fuel cooling surface
area will be. And in a core using solid cylindrical fuel rods, the diameter of the fuel rods (and
their length) will determine the total fuel cooling surface area in the core.
3.2.2 Fuel Temperature and Stored Energy
The radial heat generation rate in the fuel can be assumed to be uniform if the neutron flux is
assumed to be uniform in the fuel pellet. With no significant difference in azimuthal boundary
conditions, there will be no significant azimuthal temperature gradients in the fuel pellet. Also,
since the length to diameter ratio of the fuel rods is large, more than 360 for the reference design,
it is very safe to neglect axial heat transfer within the fuel relative to radial heat transfer for most
of the pin length. Thus the heat conduction equation reduces to a one-dimensional equation in the
radial direction for steady state:
1 d (k r d T4 -
S=0 (3.4)r dr dr
where kfis the conductivity of the fuel pellet. For a solid fuel pellet, there is no void at the center
and the heat flux at the center of the pellet is equal to zero. By integrating Equation 3.4, the
temperature solution is:
fm kfdT = (3.5)
Since q' = D2 ',
4 f
Equation 3.5 can be transformed to
Pax kfdT = (3.6)4;r
Therefore, if kf can be taken constant,
TmI - T = - (3.7)
where Tf is the temperature at the surface of the fuel pellet.
The temperature drop from the centerline to the coolant bulk temperature can be related to
the linear power of the fuel rod and an overall thermal resistance as the following the equation
[Todreas and Kazimi, 1990]:
Tmax - T= + 27---g + 2k + 2 oh (3.8)
where Tm is the bulk temperature of the coolant, R, and hg are the radius of the gap and
conductance of the gap respectively, kc is the conductivity of the cladding and R,,o and R&i are the
outer and inner radii of the cladding respectively, and h is the heat transfer coefficient from the
cladding surface to the coolant.
It can be observed from Equation 3.7 that the temperature difference between the centerline
and surface of the pellet is directly related to the linear heat generating rate q'. From Equation
3.8, we can also see that the centerline temperature of the fuel pellet is mostly decided by the
linear heat generation rate since most of the thermal resistance is in the fuel pellet, and the gap
conductance and the surface heat transfer coefficient do not vary much. So roughly speaking, the
centerline fuel temperature is only a function of the linear heat generation rate.
The maximum fuel temperature should be at the centerline of the fuel pellet with the
maximum linear heat generation rate, i.e. the hot spot in the core. If we assume that the hot spot
has a power peaking factor of co and the average linear heat generation rate is ;', we can have
the maximum fuel temperature in the core:
Tcoe -T = -• e- = core (3.9)
Tmce 
-T 4-kf 4nkf nl
where Qcore is the total power of the core, 1 is the length of one fuel rod.
The number of fuel rods in a core can be estimated as the core total volume per unit axial
length divided by the volume of one fuel cell per unit axial length as:
Vcor VZ V 4Veon= ore core re 4 core2 (3.10)
Vell V, + Vc  (l+ a)Vf (l+ a)rDf
Applying Equation 3.10, Equation 3.9 becomes:
-T (1 + a) core D 2  (3.11)xcore 4, 16klV core
It can be observed from Equation 3.11 that given the coolant to fuel volume ratio, the hot
spot power peaking factor, the total core power, length of the fuel rod, conductivity of the fuel
and the volume of the total core, the difference between the maximum fuel temperature and the
surface fuel temperature of the pellet is proportional to the square of the diameter of the fuel
pellet. The fuel temperature at the surface of the pellet is determined by the outward heat flux
and the thermal resistances in the gap, cladding and at the surface of the fuel rod. Since the fuel
temperature at the surface of the pellet does not vary significantly, the maximum fuel
temperature in the core is principally proportional to the square of the diameter of the fuel rod, as
shown in Equation 3.11. The larger the diameter of the fuel rod, the larger the maximum fuel
temperature in the core will be, for fixed core power and volume. Intuitively, the larger the
diameter of the fuel rod, the smaller is the number of fuel rods that can be placed within a fixed
core volume and certain coolant to fuel volume ratio. With fewer fuel rods, the average linear
heat generating rate of the fuel at a certain core power becomes larger, and this will increase the
fuel centerline fuel temperature.
The stored energy per unit length in a fuel pellet (above the surface temperature Tf) can be
expressed as:
E = 2nzCp(T -T)rdr (3.12)
where E is the stored energy per unit length in the fuel, Rf is the radius of the fuel pellet, C, is
the specific heat of the fuel, and p is the density of the fuel. If the conductivity of the fuel is
assumed to be constant and not a function of temperature, the temperature distribution in the fuel
can be derived from Equation 3.5:
"2
T = Tax qr (3.13)
So
q'r 2 4kr (Tmax -Ts)Rf q"R4E 2Cp(T -T)rdr = 2C max dr = 216k
(3.14)
Applying Equation 3.7, Equation 3.14 becomes:
E'= R-C, R 2Cpp 8 (3.15)
The total stored energy should be the integral of stored energy per unit length over the total
length of the fuel rods (L = nl). This can be expressed as:
E,,, = E'dz:= RC~Cp q-q dz (3.16)
L L 8c
Since q dz = Qcore, the total core power, Equation 3.16 becomes:
L
Etotal = R 2C p r (3.17)
It can be observed from Equation 3.17 that the total stored energy in the core is proportional
to the total core power and the square of the radius of the fuel rods. For a given core power, the
smaller the diameter of the fuel rod, the less energy will be stored in the fuel.
3.2.3 Hydraulic Diameter and Pressure Drop
In a solid cylindrical fuel core, the hydraulic diameter of the cell is four times the flow area
divided by the wetted perimeter. This can be expressed as:
4nV, 4VDf D yVDh = - = = -D = aD (3.18)
rDJ 4 D2
4 f
Equation 3.18 shows the hydraulic diameter in the core is a function of the coolant-to-fuel
volume ratio multiplied by the diameter of the fuel rod. Given the coolant-to-fuel volume ratio, it
is desirable to have fuel rods with large diameter so that the hydraulic diameter will be large.
The total core pressure drop consists of the friction pressure drop and the pressure drop of all
the form losses. The larger hydraulic diameter in the core, the smaller will be the friction
pressure drop.
3.2.4 Rod Stiffness
The stiffness of the rod is mostly determined by the moment of inertia of the rod given the
material of the cladding and fuel. The moment of inertia of the cylindrical fuel that only takes
account of the cladding is:
Iclad = r2dAclad (3.19)
So, the moment of inertia is a function of the diameter of the cladding and the thickness of the
cladding. Fuel rods with larger diameter will have larger stiffness so that the flow induced
vibration amplitude and frequency will be smaller.
3.2.5 Summary and Conclusion
In the above discussions, it has been shown that for a reactor core using solid cylindrical fuel
rods, it is desirable to have fuel rods with small diameter so that the cooling surface area be large
and the fuel temperature and stored energy be small. On the other hand, the hydraulic diameter,
pressure drop and rod stiffness prefer the diameter of the fuel rods to be large. So, a contradiction
exits between the thermal point of view and the hydraulic point of view.
3.3 POWER UPRATE ANALYSIS
For thermal hydraulic design, key parameters such as the MDNBR in the core, hot rod
centerline temperature and peak cladding temperature during anticipated accidents are of major
concern. These parameters have to be within certain limits when all uncertainties are accounted
for.
The core flow rate, coolant inlet temperature and system pressure are three basic parameters
that determine coolant heat removal capacity. Thus, adjusting these three parameters are the
approaches which will be analyzed to find the possible power uprate. As discussed in the
previous section, for the solid cylindrical fuel core, using smaller fuel rods will yield better
performance from the thermal point of view, i.e. DNBR, fuel temperature and stored energy in
fuel. A 19x19 assembly design that has a larger number of smaller diameter rods in the same
assembly dimensions as the reference 17x 17 design will be analyzed to assess the possible power
uprates using larger array sizes. Although higher core flow rate may allow higher core power
(from steady-state point), the limitation of core flow rate needs to be applied to avoid
unacceptable vibrations that may occur at higher core flow rate. This core flow rate limitation
may be lower for larger assembly sizes since they will have smaller rod diameter, thus smaller
rod stiffness. A thorough flow induced vibration analysis will be undertaken for the power uprate
schemes.
3.3.1 The Reference Design with 17x17 Assembly
3.3.1.1 Sub-channel Analysis and Whole Core VIPRE-01 Model
The objective of sub-channel analysis is to evaluate the minimum DNBR in the core at
various operation conditions in a manner that considers relevant factors but is not unnecessarily
conservative. For an open lattice assembly design, like the reference solid fuel assembly core, all
sub-channels are open for energy and mass exchange and mixing. A very important point of
mapping the sub-channels and lumped sub-channels is that the sub-channels around the hot rod
should be individual channels for flow and heat transport calculations, and those several pitch
lengths away from the hot rod or the hot sub-channel could be lumped gradually into larger
channels since the detailed thermal behavior of these channels does not affect the hot rod and hot
sub-channel analysis.
A typical Westinghouse 3411 MWth four loop PWR plant is selected as the reference design
for power uprate analysis. The reference design was discussed in Chapter 2 and design data was
already given in Table 2.1. The L-grids with mixing vanes are selected for the calculation and the
critical heat flux correlation W-3L is used to calculate the DNR.
Because of the symmetry of the core, representing one eighth of the core is enough for a
whole core calculation. The assumed pin power distribution in the hot fuel assembly of the PWR
core and fuel assembly power distribution in the PWR core are shown in Figure 3.2 and Figure
3.3 respectively. In reality, the hot assembly might not be at the center of the core. But, it is
conservative to move the hot assembly to the center of the core and raise the power of the
assemblies around it to the same power as the hot assembly to minimize mixing benefits. A
typical axial power shape that provides conservative DNBR analysis is a chopped cosine shape
with peak to average ratio of 1.55. This axial power shape will also give a high linear heat
generating rate at the hot spot and will give high fuel centerline temperature results. Because
modem fuel management methods achieve a peaking factor lower than this value, the DNBR and
the fuel centerline temperature in the analysis will be conservative.
The centerline temperature in the fuel pellet is also dependent on the gap conductance.
Usually an inert gas, such as helium, initially fills the annular space. Gradually the gap
composition is changed with burnup as gaseous fission product such as xenon and krypton are
added to the fill gas. Real conditions become more complex after some irradiation. The fuel
pellets usually crack upon irradiation, and this will lead to circumferential variation in the gap.
The thermal expansion of the fuel and cladding are different, and this will result in substantial
pellet-cladding contact at the interface. This contact reduces the thermal resistance, hence
effectively increases the gap conductance with burnup. A typical range of the gap conductance
with burnup is from 6000 W/m2.OC to 11000 W/m2.OC, with the upper range corresponding to
the higher burnup. [Fenech, 1981] In this power uprate analysis, both of the upper and lower
bound gap conductance values will be used identify the range of fuel temperature margins.
Figure 3.2 Assumed pin power distribution in the hot fuel assembly of the PWR core
In order to address transients and adverse operation conditions and to avoid analysis of the
American Nuclear Society (ANS) classification of Condition I and II events, all calculations are
performed at an overpower condition. The classification of the accident events are based on
expected frequency of occurrence. Condition I and Condition II events are normal operation and
operational transients, and faults of moderate frequency, respectively. [ANSI N-18.2, 1973] A
118% overpower factor is used. This power is assumed to be deposited only in the fuel material
when in fact 4 to 5 % is deposited in the moderator and 1 to 2% is deposited in the structural
materials. The core flow is reduced by 5% of nominal flow rate to account for uncertainty in
flow distribution and the coolant inlet temperature is increased by 20C from nominal inlet
temperature to account for non-uniformity due to imperfect mixing in the lower plenum. At such
operating conditions, the results are conservative, but they serve to create room to accommodate
manufacturing tolerances, imperfect measurements, and other uncertainties about the physical
conditions in real plants.
Figure 3.3 Fuel assembly power distribution in the PWR core
It was assumed that the hot rod has a power peaking factor of 1.650. The hot sub-channel is
the one surrounded by two hot rods, both with power peaking factors of 1.65. The hot
sub-channel will be calculated as an individual sub-channel, and those sub-channels within two
pitch lengths away from it will also be calculated as individual sub-channels in order to have
accurate and detailed thermal hydraulic results. Sub-channels that are several pitches away from
the hot rod or hot channel will be lumped gradually as lumped channels, where rods will be
lumped rods. It may be possible to calculate every real rod and every sub-channel individually in
a whole core model, but using the above channel and rod mapping scheme makes the
computations more time-efficient. Nevertheless, detailed and accurate results in the hot channel,
which are of major concern, will be obtained but the flow conditions in the channels several
pitches away will have no effect on the results in the hot channel. [Moreno, et. al., 1978] The
channel and rod map of the VIPRE-01 whole core model is shown in Figure 3.4 for the hot
assembly and in Figure 3.5 for the whole core.
As shown in Figure 3.4, the hot sub-channel is numbered as channel 1 and the two hot rods
are numbered as rod 1 and 2. Guide tubes are also modeled while heat generation in guide tubes
is neglected, and they are treated as dummy rods in which there is no heat conduction. Flow
through the guide tubes is also not modeled. The power factors of the lumped rods are calculated
by weighing all the power factors of individual rods. Thus the total power doesn't change. The
striped triangle in the whole core view of Figure 3.5 shows the place where the hot assembly is
located.
Figure 3.4 Sub-channel and rod numbering scheme in the hot assembly
ber
Figure 3.5 Channel and rod numbering scheme in the 1/8 core model
In a whole core model, the coolant in adjacent sub-channels will exchange heat and mass
through the interface areas between the channels at the gaps between the rods. In the VIPRE-01
code, the lateral heat and mass exchange between two sub-channels is influenced by the
turbulent mixing coefficient 8 and lateral flow resistance coefficient KG [Cuta, 1985]. The
mixing coefficient/3 for a PWR rod bundle with small mixing grids is typically around 0.076. In
the calculations, this coefficient is assumed to be 0.0, which will give conservative results. For
sub-channel analysis, the lateral flow resistance coefficient KG between two rods is on the order
of 0.5. When rod arrays are modeled as lumped sub-channels, however, the effective resistance
to cross flow is the sum of the resistance of the rod rows between the lumped channel centroids.
So, the resistant coefficient is multiplied by the number of rod rows between the lumped channel
centroids. For other details of the calculation model, refer to the input file in the appendix. Table
3.1 shows some of the specifications used in the 1/8 whole core model for the calculations for the
reference design.
Table 3.1 Summary of the VIPRE-01 1/8 whole core model for the reference PWR
Parameter Specification
Model Whole core model with lumped sub-channels
Model region 1/8 core, full axial length
Number of channels 24 channels - see Figure 3.4 & Figure 3.5
Number of rods 29 rods -see Figure 3.4 & Figure 3.5
Number of axial nodes 24
Axial power profile Chopped cosine, peak-to-average ratio = 1.55
Radial power distribution See Figure 3.2 & Figure 3.3
Reactor power 100% reference power at 118% over power
(4025.0MWth)
Power deposited directly in coolant 0.0%
Core mass flow rate 100% reference flow rate reduced by 5%
(16815kg/s)
Core inlet temperature Reference temperature increased by 20 C
(294.70C)
Cross flow resistance coefficient KG - 3.098 Re-°2
Turbulent mixing model P= 0.0
Turbulent momentum factor FTM= 0
Axial friction coefficient for turbulent fax = 0.316 Re
-
.
25
flow
Form loss coefficient for mixing vane 0.6
grids in outer channels
Inlet and outlet form loss coefficient 0.4 for inlet and 1.0 for outlet
CHF correlation W-3L, grid mixing factor 0.043, grid spacing
factor 0.066, grid factor leading coefficient
0.986
Void correlation EPRI void model for subcooled void,
Zuber-Findlay drift flux equation with
coefficients developed for the EPRI void
model for bulk void/quality correlation,
Columbia/EPRI correlation for two-phase
friction multiplier
Heat transfer correlation Dittus-Boelter for single-phase flow, Thom
correlation plus single-phase correlation for
subcooled and saturated nuclear boiling
The VIPRE results are shown in Table 3.2. The minimum DNBR in the reference design
core is 1.463 with all the conservatisms. The centerline fuel temperature at the largest linear heat
generation rate is arouind 2250 'C. The exit coolafit equilibrium quality of the hot channel is
0.11. The surface heat flux to the hot channel and the critical heat flux in the channel along the
axial height are shown in Figure 3.6.
Table 3.2 Selected results from the VIPRE 1/8 reference core calculation
MDNBR 1.463
Pressure Drop 117.2 kPa
Hot spot centerline fuel 2249 oC
temperature
Hot channel exit quality 0.112
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Figure 3.6 Surface heat flux and critical heat flux in the hot channel
The DNBR results in the hot channel are shown in Figure 3.7. The DNBR values that are
larger than 10 are plotted at 10.
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Figure 3.7 DNBR results in the hot channel
3.3.1.2 Power Uprate Analysis with Margin Shaving
To uprate the power density of the reference core using the reference 17x17 design, we can
change the core operating parameters. This can be done by varying the core flow rate, core inlet
coolant temperature and even the system pressure, then choose the operation parameters that
achieve the largest core power with desirable safety margin. From the design limits, the MDNBR
should be larger than 1.3. So this will be a requirement for the power uprate analysis.
Nevertheless, it may be required that the safety margin not be sacrificed when the core power is
increased, so that the MDNBR in the uprated core should not be less than the reference core
value of 1.463. That case will be discussed later.
As stated in the previous section, all the calculations will be performed at an 18% overpower
condition. The core flow is reduced by 5% from nominal flow rate and the coolant inlet
temperature is increased by 2 'C. At such a conservative operating conditions, a design is
acceptable if MDNBR in the core is larger than 1.3. This value is adopted as the MDNBR
restriction at first. Since the reference core has an MDNBR of 1.463, some DNBR margin will
be shaved in the power uprate. Here, we assume that the conservative operating conditions are in
themselves able to cover all uncertainties. Later, we will show the results for the higher MDNBR
values.
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The melting point of U0 2 is in the vicinity of 2840 'C. The melting process for the oxide
starts at a solidus temperature but is completed at a higher temperature which is the liquidus
point. The melting range is affected by the oxygen-to-metal ratio and by the Pu content. A
conservatively low value for the melting point for LWR fuel is 2600 'C.
The VIPRE-01 code has a choice of iterating on the core power to get MDNBR to equal a
certain value. This provides a way to calculate the highest core power allowed by MDNBR
restriction, i.e. larger than 1.3. The acceptable core power levels at various coolant inlet
temperature and total coolant flow rates so that the MDNBR is equal to 1.3 are shown in Figure
3.8. The core flow rates and core powers are given as the ratio to the reference core flow rates
and core powers. It is seen that the core power is proportional to the flow rate, and the relations
are quite linear.
Figure 3.9 shows the pressure drops at various core flow rates with different coolant inlet
temperatures. The core pressure drops are plotted as the ratio to the reference case. The core
pressure drop mostly depends on the flow rate, and the coolant inlet temperature has a very slight
effect. At 125% flow rate, the pressure drop is around 140% of the reference value.
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Figure 3.8 Acceptable core power at various flow rates with various inlet temperatures
(MDNBR=1.3)
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Figure 3.9 Core pressure drop at acceptable powers (MDNBR = 1.3)
90.0% 95.0% 100.0% 105.0% 110.0%
FLOW RATE
115.0% 120.0% 125.0%
Figure 3.10 Outlet Temperature at acceptable powers (MDNBR = 1.3)
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Figure 3.11 Hot channel qualities at acceptable powers (MDNBR = 1.3)
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Figure 3.12 Fuel centerline temperature at acceptable powers
(MDNBR = 1.3)
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Core outlet average temperatures are shown in Figure 3.10, and hot channel outlet qualities
are shown in Figure 3.11. Note that all the results are at the condition of MDNBR = 1.3. It is
preferable that the hot channel quality does not exceed the current PWR value since high quality
may cause axial power oscillations. For the current PWR, the hot channel quality is around 0.112
at the overpower operation condition as shown in Table 3.2.
Figure 3.12 shows the fuel centerline temperatures at the hot spot. Fuel melting point of
26000C is adopted as a limit. From the points of intersection of the melting point line and the
centerline temperatures, a limiting line can be drawn for core power, which is shown in Figure
3.13. It should be noted that there is also a limit on core average fuel temperature (typically 1400
oC) to avoid large fission gas release. This average fuel temperature should be calculated at a flat
axial power distribution with certain radial power peaking factor (typically 1.4) for the hot rod.
The highest core average fuel temperature among the cases is 1145 OC, which is below this limit.
In addition, the safety criterion is directly applied on the internal gas pressure. [OECD, 2001]
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Figure 3.13 Core power limit from fuel temperature limit shown in Figure 3.12
From Figure 3.13, the fuel melting point line is not sensitive to the flow rate and inlet
temperature. The limit for the core power is around 120% for all inlet temperatures. From
Equation 3.9, the maximum temperature in the core is decided by the total core power, the hot
spot power peaking factor, number of rods in the core, the rod length, and the temperature at the
surface of the fuel pellet. For the same assembly design, in this case the reference 17x17
assembly design, changing the coolant operating parameters (flow rate, inlet temperature, and
intuitively also system pressure) does not affect the temperature at the surface of the fuel pellet
much, so that the maximum fuel temperatures in the core are almost the same for the same core
power. There is only a slight decrease at high inlet temperatures. So, if the limitation is from the
limit on the maximum fuel temperature, the core power limit is very much the same for different
core operating conditions.
At the fuel melting point line, the operating conditions are shown in Table 3.3.
Table 3.3 Key parameters at the fuel melting point line
Inlet temperature (oC) 280.7 284.7 288.7 292.7
Core power 120% 120% 120% 120%
Flow rate 102.7% 107.5% 116% 122%
Pressure drop 104% 110% 124% 136%
Core average temperature (0 C) 304.85 307.42 310.36 313
Pumping Power 107% 118% 144% 166%
The fuel melting point implies that the core power of the reference assembly design can not
be higher than 120% of the reference core power. The coolant flow rates needed to achieve
MDNBR larger than 1.3 are different for various inlet temperatures. High inlet temperature
requires higher flow rate and results in higher core pressure drop. Yet, high inlet temperature has
higher core average temperature, which will result in higher plant efficiency. In order to analyze
the plant efficiency, the thermal hydraulic behavior of the steam generator has to be analyzed
since it links the thermal hydraulic behavior of the reactor core to that of the turbine generator. In
the design of a U-type steam generator during normal operation, the total heat transfer can be
expressed in the conventional equation with an effective heat transfer coefficient U:
q = UAATm (3.20)
where A is the total heat transfer area.
ATm is the log-mean temperature difference:
AT.= ATH -A (3.21)In(ATH IATc )
where ATH is the temperature difference between core hot leg and secondary steam, and ATc is
the temperature difference between the primary coolant cold leg and the secondary steam.
U= + - +- + (3.22)
h he hb  hi
where hp is convective heat transfer coefficient of the primary liquid,
h, is conductive heat transfer coefficient of the tube wall,
hb is boiling heat transfer coefficient in either nucleate or film boiling,
hfis crud film heat transfer coefficient on the boiling side of the tube.
Although the flow condition of the primary liquid does affect the convective heat transfer
coefficient hp, the more sensitive parameter in the steam generator is the secondary side heat
transfer, which is also influenced by fouling of the boiling surface. For simplicity, it is assumed
that AT,,, is constant. A typical value for AT, is around 50 'C. From this, the steam temperature
in the steam generator can be calculated and the steam pressure is just its saturation pressure. The
results are shown in Table 3.4.
Table 3.4 Steam temperature and pressure for various inlet temperatures
Inlet temperature (°C) 280.7 284.7 288.7 292.7
Steam temperature (°C) 265.0 268.5 272.0 275.3
Steam pressure (MPa) 5.09 5.38 5.68 5.98
We now consider the pumping power. For simplicity, we will only calculate the pumping
power needed to overcome core pressure loss. And also we will neglect the recycling of some of
the pumping power as thermal power added into the coolant, which will eventually generate
electricity at a certain efficiency. This means that pumping is assumed to be isentropic. Also
assuming the fluid to be incompressible, the pumping power can be calculated as /W = APrh/p,
where AP is the pressure drop and ri and ; are flow rate and average density of the fluid
respectively. The results, expressed as the ratio to the reference case, are shown in Table 3.3. It is
seen that to achieve a 20% power increase under these conditions requires an additional 66%
pumping power.
The pumping power in a reference PWR is about 1% of the total electricity the plant
generates, which is similar to 0.34% of the core power if the plant efficiency is 34%. The plant
efficiency will be lowered by 1% (absolute value, i.e. from 34% to 33%) if the steam pressure is
lowered from about 5.98 MPa to 5.09 MPa as the coolant temperature is lowered from 292.7 'C
to 280.7 'C. So the plant efficiency sacrifice dominates the pumping power increase. In the
present case, the coolant temperature should be as high as possible, i.e. the coolant temperature
should not be lowered.
3.3.1.3 Power Uprate Analysis without Margin Shaving
The previous analysis shows that by increasing the core flow rate, the core power can be
increased by 20% if the MDNBR in the core is allowed to be equal to 1.3. The other limitation
on the power uprate is from the fuel temperature. In the analysis, the clad gap conductance was
taken equal to 11,000 W/m 2.°C, which is the upper bound of the gap conductance as a function
of irradiation. Also, we know that, based on the same calculation scheme, the reference core has
an MDNBR value of 1.463. The conservative case should take as the lower bound the gap
conductance value (6000 W/m 2.,C ). Thus, the calculated centerline fuel temperature will
become higher and the uprate power limit by the fuel temperature will be more modest. A more
conservative case would also assume the need to consider uncertainties other than those of the
operating conditions. Thus, it is required that the MDNBR value should remain at 1.463, i.e. no
DNBR margin is sacrificed for the power uprate. The analysis method is essentially the same as
presented in the previous section, and the results are shown in the following figures.
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Figure 3.14 Acceptable core power at various flow rate with various coolant inlet
temperatures (MDNBR= 1.463)
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Figure 3.15 Core pressure drop at acceptable powers (MDNBR = 1.463)
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Figure 3.16 Hot channel qualities at acceptable powers (MDNBR = 1.463)
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Figure 3.17 Outlet Temperature at acceptable powers (MDNBR = 1.463)
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Figure 3.19 Core power limit from fuel temperature limit shown in Figure 3.18
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The larger MDNBR requirement lowers the acceptable core power at various flow rates and
coolant inlet temperatures, as shown in Figure 3.14. Figure 3.15 shows the pressure drop for
various cases. Figure 3.16 shows the coolant exit quality of the hot channel in the core. Because
now the MDNBR requirement is higher, the coolant quality has to be lower. Figure 3.17 shows
the coolant temperature at the exit of the core. The centerline fuel temperatures and fuel average
temperatures are shown in Figure 3.18. It can be observed that because of the decrease of the gap
conductance, the fuel temperature becomes higher. The net effect is the maximum core power
limit is around 108% of the reference value, as shown in Figure 3.19. It should be noted that all
PWR uprates authorized by the NRC to-date have been at or lower than 108%. [U.S. NRC, 2004]
So, from this conservative analysis, the core power can be uprated to about 108% of the
reference core power without sacrificing any MDNBR margin.
3.3.2 Smaller Diameter Fuel Rods and Larger Array Sizes
The choice of the diameter of the fuel rods for larger array sizes should observe the following
restrictions: (1) the assembly lateral dimensions are not changed from the 17x17 Westinghouse
design; (2) the ratio of coolant volume to fuel volume in the assemblies should be kept the same
as that of the 17x17 Westinghouse design, in order to preserve the neutronic characteristics; (3)
the fuel volume should be as large as possible, so that enough heavy metal can be contained in
the assembly. If we also assume that the cladding thickness is kept the same as in the 17x17
Westinghouse design, the rod diameters for various assembly sizes can be calculated through the
following equations. It is noted that, ideally, the cladding thickness could be smaller for the fuel
rods with smaller diameter.
a) Fuel volume in the assembly per unit length:
V, = N, D (3.23)
where Nf is the number of fuel rods in the assembly and Df is the diameter of the fuel;
b) Coolant volume in the assembly per unit length:
2 D N D2 ) (3.24)V =L2 -N -Ng 4 (Dgo gi(3.24)
where L is the width of the assembly, D, is the diameter of the pin, Ng is the number of guide
tubes in the assembly, and Dgo and Dgi are the outer and inner
they are kept the same as the 17x17 Westinghouse design.
diameters of the guide tubes and
Table 3.5 Parameters of the various array sizes with smaller rods
Assembly size 17x17 (ref.) 18x18 19x19 20x20
Fuel diameter D (cm) 0.8255 0.7728 0.7263 0.685
Rod diameter Dc (cm) 0.9522 0.8995 0.853 0.8117
Pitch (cm) 1.263 1.193 1.13 1.0736
Surface area
(normalized to 1.0 1.070 1.140 1.211
reference design)
Fuel volume
(normalized to 1.0 0.993 0.985 0.978
reference design)
Fuel temperature and
stored energy at the same 1.0 0.88 0.77 0.69
core power*
Core power that will have
the same fuel temperature 1.0 1.14 1.29 1.45
and stored energy
*Calculated using Equations 3.11 and 3.17.
If the cladding thickness and the gap of the rods are not changed, a third equation is obtained:
D, - Df = 2t, where t is the total thickness of the gap and cladding. As required, the ratio of the
coolant volume and the fuel volume is equal to the 17x17 Westinghouse design, i.e., V, / Vf = a is
the fourth equation. Using these equations, the diameters of the fuel rods in various array sizes
can be calculated and are shown in Table 3.5. A comparison of the surface areas is also given in
Table 3.5 and Figure 3.20.
The cooling surface area is increased for a larger array size. For the 20x20 array, the cooling
surface area is increased by 21% compared to the reference design. It can be roughly estimated
that, if the critical heat flux (CHF) at the rod surface is not changed, the reactor core power can
be increased by around 20% due to this larger cooling surface area. Because the CHF depends on
coolant flow rate and coolant quality, the power that can be uprated will depend on the choice of
the flow rate.
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Figure 3.20 Comparison of cooling surface area and fuel volume for various assembly sizes
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Table 3.5 also shows the fuel temperature and stored energy for the various assembly designs
at the same core power calculated using Equations 3.11 and 3.17. For a given core power, fuel
rods that have smaller diameters have lower fuel temperature and stored energy. If the fuel
temperature and stored energy are kept the same as those of the reference 17x17 design, the
possible core powers that can be achieved using the various assembly designs are shown in the
last row of the Table. However, the removal of this power requires larger flow rates to meet the
MDNBR requirement.
In order to evaluate how the reactor power uprate could be achieved by these larger assembly
sizes, a VIPRE-01 whole core model of the assembly size of 19x19 was set up. Figure 3.21
shows the proposed cross-section view of the 19x19 fuel assembly. Numbering of the rods and
channels are shown in Figure 3.22 and Figure 3.23.
Figure 3.22 Numbering of rods and channels in the hot assembly of 19x 19 assembly size
design for VIPRE 1/8 whole core model
Figure 3.23 Numbering or rods and channels in the core of 19x19 assembly size design for
VIPRE 1/8 whole core model
The details of modeling a PWR whole core using VIPRE-01 can be found in the previous
section about the 17x17 whole core model. To examine how the larger cooling surface area of
the 19x19 assembly will affect the power uprate, a whole core analysis of this 19x19 assembly
size is performed, while the core power is increased. At a certain higher core power, the
minimum departure of nucleate boiling (MDNBR) in the core will reach the minimum allowable
value of 1.3. The calculated results are shown in Table 3.6, where the results for the 17x17
assembly design are also shown for comparison. The maximum power uprate for the 19x19
assembly design is 113% for MDNBR of 1.3. If the MDNBR value is kept at 1.463, the
maximum power uprate is 107%.
In Table 3.6, CASE 0 refers to the 17x17 assembly design at the reference power and core
flow rate, and its MDNBR is 1.463 as calculated in Section 3.3.1.1 and shown in Table 3.2.
CASE 1 refers to the 17x17 assembly design with the core power uprated to 120% of the
reference value as shown in Section 3.3.1.2. And CASE 2 is the 19x19 assembly design with
100% core flow rate and core power uprated to 113% of the reference value with MDNBR in the
core is 1.3.
Table 3.6 Comparison of the cases and results calculated by the whole core models
Case CASE 0 CASE1 CASE 2 CASE 3
Assembly size 17x17 17x17 19x19 19X19
Core power 100% 120% 113% 107%
Core flow rate 100% 122% 100% 100%
Rod diameter 0.9522 0.9522 0.853 0.853Dc (cm)
Pitch (cm) 1.263 1.263 1.13 1.13
MDNBR 1.463 1.3 1.3 1.463
Core pressure drop 1.0 1.36 1.10 1.1
(normalize to CASE 0)
Maximum cross flow
velocity calculated by 0.235 0.290 0.297 0.29
VIPRE model (m/s)
3.4 FLOW INDUCED MECHANICAL ANALYSIS
Although the thermal analysis showed that 20% power uprate may be achievable with core
flow rate proportionally increased without any change to the fuel assembly design, the structural
behavior issues should be addressed before final conclusions can be made. Important concerns
are fatigue cracks and fretting-wear damage in the fuel bundles caused by excessive
flow-induced vibrations due to higher core flow rates. Also the design of the 19x19 assembly
size has smaller rod diameters so that the flow induced vibration effects for the smaller fuel rods
have to be evaluated. We shall consider the cases presented in Table 3.6 as representative of the
range of possible uprates.
The fuel rods in a PWR are about 4 meters long, and they are supported at both ends and by 7
spacer grids at various heights in the assembly. Dynamic forces generated by axial and lateral
flow of the coolant cause the fuel rods to vibrate. Four flow-induced vibration mechanisms, i.e.,
vortex-induced vibration, acoustic resonance, fluid-elastic instability, and turbulence-induced
vibration, have to be addressed to ensure the structural integrity of the fuel rods. The method
used for these are the same as those applied by Zhao [Zhao, et. al., 2004]. However, buckling
instability is ignored in the present analysis. Higher coolant velocity will .also increase axial
lift-up force on the rods, which casts heavier burden on upper-end supports of the assemblies and
in-core structures. Analyses of this issue to make sure the structural integrity of the assembly and
in-core structures are also necessary, but are not included in our conceptual work.
In the previous analysis of power uprate of the solid fuel PWR core, VIPRE-01 whole core
models are used to calculate the thermal-hydraulic field. Some of the data used in this
mechanical analysis, such as coolant axial velocity, lateral velocity etc., are obtained from the
results of the VIPRE-01 whole core models.
For CASE 1, this reactor core power uprate does not change the design of the PWR
assemblies, so the structural parameters of the rods are not changed. Since the core flow rate is
increased by 20%, the velocity of the coolant is also increased by around 20%. The structural
integrity analysis should mainly be made for this new coolant velocity.
Again, a comparison between the three cases is given in the following order:
a. CASE 0, the reference 17x17 assembly size at 100% core power and flow rate;
b. CASE 1, reactor power uprate by proportionally increasing the core flow rate at 120%
core power and flow rate, with the same assembly design as the reference;
c. CASE 2, reactor power uprate by larger assembly size at 113% core power and 100%
core flow rate, with 19x19 assembly size and smaller rod diameter.
The characteristics of interest for the different assembly designs of the 19x19 and 17x17 are
listed in Tables 3.7 through 3.10. They are needed to calculate critical values in the following
vibration analyses.
Table 3.7 Geometric data of the two assembly sizes
Assembly size Df Dci Dco Pitch P/D
17x17 (ref.) (cm) 0.8255 0.8399 0.9522 1.236 1.298
19x19 (cm 0.7263 0.7407 0.853 1.13 1.325
Table 3.8 Linear masses for the two assembly sizes (kg/m)
Assembly size Cm Mhy mCI mt mf mt
17x17 1.517 0.080 0.136 0.216 0.560 0.774
19x19 1.520 0.064 0.121 0.185 0.433 0.619
Table 3.9 Young's modulus (MPa) and moment of inertia (kg/m2) for the two assembly sizes
Assembly size Ici Ecl It Et
17x17 1.62E-10 1.00E+11 3.76E-10 1.00E+11
19x1.9 1.14E-10 1.00E+11 2.42E-10 1.00E+11
Table 3.10 Frequency for the two assembly sizes
Assembly size Span length fic f2cl fit(m)
17x17 0.508 52.38 209.5 42.4
19x19 0.508 47.8 191.2 38.1
3.4.1 Vortex-shedding
When the frequency of vortex-shedding is close to the structural natural frequency of the
rods, a phenomenon known as lock-in occurs, by which a resonant vibration can potentially lead
to fuel failure. The frequency of the vortex-shedding, f, is proportional to the cross flow
velocity V, and inversely proportional to the diameter of the tube D. Thus,
f, = SV/D (3.25)
where S is the proportionality constant, and is defined by Weaver and Frizpatrick [Weaver and
Frizpatrick, 1988]. For a square lattice, S = 1/[2(P/D -1)]. The fluctuation force generated by
the vortices shedding from the tube has two components. The lift direction, which is
perpendicular to the flow direction, has a vortex-shedding frequency off . The drag direction,
which is in the direction of flow, has the frequency equal to twice the vortex-shedding
frequency 2J. In order to avoid lock-in, the structural modal frequency should be at least 30%
below or 30% above the vortex-shedding frequency. So, the lock-in in the lift direction is a
voided in the nth mode when the structural modal frequency f, is smaller than0.7f/, or is larger
than1.3 f; similarly, the structural modal frequency f, has to be larger than0.7 x 2f, or larger
than 1.3 x 2f, to avoid the lock-in in the drag direction. The natural frequency for a multi-span
beam with both ends simply supported is given by Au-Yang [Au-Yang, 2001]:
f = (n') 2 /[2r(l /m) 2]XE/rm, (3.26)
where n is the modal number, m is the number of spans, I is total length of the rod, and m, is
the total linear mass including fluid and solid. Since the cross velocity is expected to be small in
a PWR core, the upper limit of the f, has to be smaller than the minimum value off£, i.e. fl, to
meet the criterion. The critical cross flow velocities, when f equals to f, for the reference
Westinghouse 4-loop PWR 17xl 7 fuel assembly, calculated by Zhao [Zhao et. al., 2004] are 0.51
m/s and 0.41 m/s for the open gap and closed gap conditions respectively. The VIPRE01 results
show that the largest cross velocity in the core at 120% core power and core flow rate is 0.290
m/s, which is smaller than the critical cross flow velocity. So, at 120% core power and core flow
rate, the fuel assembly is safe from the resonant vibration due to vortex-shedding.
The 19x 19 assembly size, with its smallerfi and D, has a smaller critical cross flow velocity.
The cross flow velocity is still smaller than the critical cross flow velocity, but the margin is
smaller. (see Table 3.11)
Table 3.11 Critical cross flow velocity to avoid vortex-shedding lock-in, and comparing to
calculated cross flow velocity
critical cross flow
D S veloci (m/s) Cross flow
(m) (-) Open Closed Open Closed velocity (m/s)
gap gap gap gap
CASE 0 0.009522 1.532 52.38 42.4 0.51 0.41 0.235(17x17)
CASE 1 0.009522 1.532 52.38 42.4 0.51 0.41 0.290(17x17)
CASE 2 0.00853 1.540 47.8 38.1 0.41 0.33 0.297(19x19)
Another issue due to vortex-shedding is acoustic resonance. Ziada [Ziada, et. al. 1989]
proposed a resonance map that defines the resonance region and non-resonance region based on
a resonance parameter G,,
Gi = (PID)[Vpv/(Dco2 / ( + )]1/2  (3.27)
where P is the pitch of the lattice, D is the diameter of the fuel rods, V, is the fluid
cross velocity, v is kinetic viscosity of the coolant, co is the sound speed without tube, and
a is the solidity ratio, which equals the ratio of the cross section area occupied by the tubes to
total cross section. The resonance map proposed by Ziada [Ziada, et. al. 1989] shows that the
smaller the G, and the quality x the less susceptible the system will be to a resonance problem.
At 120% core power and core flow rate (CASE 1), the largest V, in the core calculated by
VIPRE-01 whole core model is 0.290 m/s, while the largest V, at 100% core power and core
flow rate (CASE 0) is 0.235 m/s. Since other parameters are not changed, the difference in Gi
is around 11%.
For the 19x19 assembly size at 113% core power (CASE 2), because of the change in the rod
diameter, the change in G, is a little larger. (see Table 3.12)
Table 3.12 Ratio of resonance parameters of the cases
D VP solidityP/D(compare withP/D (cm) (m/s) ratio (compare with
reference case)
CASE 0 1.326 0.9522 0.235 0.446 1.000(17x17)
CASE 1 1.326 0.9522 0.29 0.446 1.111(17x17)
CASE 2 1.325 0.853 0.297 0.448 1.186(19x19)
3.4.2 Acoustic Resonances from Pump Blades Pass
The major mode of natural acoustic frequency that will have potential acoustic resonances
for the fuel rods is the first mode where A = 0 since other modes will have very high acoustic
frequencies (higher than 104 Hz). [Zhao et. al., 2004] The acoustic frequencies for the mode of
A = 0 are:
fa, , (ac/2L), a =1,2,3... (3.28)
where c is the sonic velocity, which is a function of the temperature of the coolant. Since for
the power uprate of CASE 1, the core flow rate is proportionally increased with the core power,
the axial coolant temperature distribution is not changed. So, the acoustic frequencies are not
changed. If the core flow rate is increased by new reactor coolant pumps (RCPs) whose speed is
not changed, the comparison of the pulsation frequency with the acoustic frequency are not
changed. Since there is no vibration issue due to acoustic resonances from pump blades pass for
current power and flow rate, no such vibration problem will exist for this uprate power approach.
For CASE 2, because the core flow rate is not proportionally increased with the core power,
the coolant outlet temperature will be increased. Since the sound velocity will be smaller when
the coolant temperature is higher, the acoustic frequency will be smaller, which will decrease the
stability margin of acoustic resonances from the pump blades. However, the change will be very
small.
3.4.3 Fluid-elastic Instability
Fluid-elastic instability is the phenomenon when the cross flow velocity increases to some
point that the vibration amplitude of the tubes is suddenly increased rapidly until impacting of
tubes occurs. The velocity at which the vibration amplitude of the tubes suddenly increases is
called the critical velocity for fluid-elastic instability. Unlike vortex shedding which results from
frequency resonance, the vibration amplitude for the fluid-elastic instability will increase with
the cross flow velocity.
The critical velocity can be estimated by an equation derived by Connors [Connors et. al.,
1970]:
Vc = f, (2~r,4m, / p)/ 2  (3.29)
where f is Connors' constant, 4, is damping ratio and p is fluid density. Pettigrew
[Pettigrew et al., 1998] recommended the following equation for Connors' constant:
,6 = 4.76(P/D - 1) + 0.76 (3.30)
The fluid-elastic stability margin (FSM) is defined as FSM = Vc / V , if FSM > 1.0, the tubes
will be stable.
Using this Connors' constant, the conservative damping ratio and the natural frequency, the
Vc for the 17x17 reference assembly is 0.82m/s. VIPRE-01 whole core results show the largest
cross flow velocity of 0.290 m/s at 120% core power and core flow rate (CASE 1). This is still
within the stability region. The critical cross flow velocity for CASE 2 is different because of the
rod diameter difference. For the cases, comparisons are made for both the fuel rod with the open
gap and closed gap and are shown in Table 3.13 and Table 3.14.
Table 3.13 Critical cross flow velocity to avoid fluid-elastic instability (open gap)
damping Vc Cross flowP f cl mt density
ratio (m/s) velocity,m/s
CASE 0 (17x17) 2.314 52.38 0.01 0.216 740.5 0.519 0.235
CASE 1 (17x17) 2.314 52.38 0.01 0.216 740.5 0.519 0.29
CASE 2 (19x19) 2.306 47.8 0.01 0.185 740.5 0.437 0.297
Table 3.14 Critical cross flow velocity to avoid fluid-elastic instability (closed gap)
damping Vc Cross flowP ficl mt density
ratio (m/s) velocity,m/s
CASE 0 (17x17) 2.314 42.4 0.01 0.774 740.5 0.795 0.235
CASE 1 (17x17) 2.314 42.4 0.01 0.774 740.5 0.795 0.29
CASE 2 (19x19) 2.306 38.1 0.01 0.619 740.5 0.637 0.297
According to Paidoussis [Paidoussis, 1982], the fluid-elastic instability in the axial flow in a
fuel bundle can be avoided if the following is satisfied:
u = VL pA/(EI) < 1.5 (3.31)
Results of these cases are shown in Table 3.15 and Table 3.16 for the open gap and closed
gap conditions respectively.
Table 3.15 Non-dimensional axial velocity (open gap)
V L Mi Iclo Ecl u*
CASE 0 (17x17) 5.00 0.508 0.0527 1.62E-10 9.91E+10 1.46E-01
CASE 1 (17x17) 6.00 0.508 0.0527 1.62E-10 9.91E+10 1.75E-01
CASE 2 (19x19) 5.08 0.508 0.0469 1.14E-10 9.91E+10 1.66E-01
Table 3.16 Non-dimensional axial velocity (closed gap)
V L Mi Iclo Ecl u*
CASE 0 (17x17) 5.00 0.508 0.0527 3.76E-10 1.00E+11 9.51E-02
CASE 1 (17x17) 6.00 0.508 0.0527 3.76E-10 1.00E+11 1.14E-01
CASE 2 (19x19) 5.08 0.508 0.0469 2.42E-10 1.00E+11 1.13E-01
3.4.4 Turbulence Induced Vibration
a) Axial flow induced vibration
The maximum amplitude of axial flow induced vibration, assumed to have a Gaussian
distribution, can be estimated by Paidoussis' equation:
Ymax ID = (5E - 4)Ka-4[ul.61.8 Re0.25/(1 + u2 )](1 + u2)][Dh /ID]0 4[ 2/ 3 /(1 + 4/8)] (3.31)
where u = VL[(pA)f /(EI)] /2
a = r , for simply-support rods,
K = 5, for turbulent flow
cE=L/D
Table 3.17 Maximum vibration amplitude for axial-flow induced vibrations and their ratio to
inter-pin clearance
Rod clearance Ymax (m) ymax/g
g (cm) Open gap Closed gap Open gap Closed gap
CASE 0 (17x 17) 0.284 6.97E-05 3.60E-05 2.46E-02 1.27E-02
CASE 1 (17x17) 0.284 9.77E-05 5.04E-05 3.44E-02 1.78E-02
CASE 2 (19x19) 0.277 9.17E-05 5.08E-05 3.31E-02 1.83E-02
The Maximum amplitude for axial flow-induced vibrations can be calculated for these
conditions and is shown in Table 3.17.
b) Cross flow induced vibration
The root mean square response due to turbulence cross flow-induced vibration in the mid
plane of a rod span can be estimated by:[Au-Yang, 2001]
< 2 LGF(f (x) J (3.32)
,, 64 3'm2f , ,
Since the frequencies are well separated, the first vibration mode is considered. Thus,
< y 2 LG(f,) (x) (3.33)
64, 3 m2f, 13
The results for these cases are shown in Table 3.18.
Table 3.18 Maximum vibration amplitude of cross-flow induced vibrations and their ratio to
inter-pin clearance
gap clearance ymax (m) ymax/g
g (cm) Open gap Closed gap Open gap Closed gap
CASE 0 (17x17) 0.284 1.73E-06 9.58E-07 6.10E-04 3.38E-04
CASE 1 (17x17) 0.284 1.73E-06 9.58E-07 6.10E-04 3.38E-04
CASE 2 (19x19) 0.277 3.10E-06 2.07E-06 1.12E-03 7.46E-04
c) Combination of axial flow and cross flow
Yrm = Yrms,axia + Y~,,cross , and Yrns,aial = Ymax / 3,
The results are shown in Table 3.19.
Table 3.19 Root mean square amplitude for combination of axial and cross-flow and their ratio to
inter-pin clearance
gap clearance ymax (m) Ymax/g
g (cm) Open gap Closed gap Open gap Closed gap
CASE 0 (17x17) 0.284 2.50E-05 1.30E-05 8.80E-03 4.57E-03
CASE 1 (17x17) 0.284 3.43E-05 1.78E-05 1.21E-02 6.26E-03
CASE 2 (19x19) 0.277 3.37E-05 1.90E-05 1.21E-02 6.86E-03
3.4.5 Wear Analysis
There are basically three types of wear mechanisms from flow-induced vibration: impact
wear, sliding wear, and fretting wear.
a) Impact wear
The surface stress due to impact between tubes and a loose support plate is estimated by [Lu,
et al., 2001]
r,, = C[E 4Mf,2 y 2 >me /D3 ]:1 5  (3.34)
This stress has to be smaller than the endurance stress limit.
The ratio of surface stress of our two cases can be calculated by the equation:
Xf2 XY 2 1/5al m ixf,2 y xD1
072 2 2 y D
(3.35)
The results are shown in Table 3.20.
Table 3.20 Surface stress ratio from impact wear
Surface stress ratio
CASE 1 (17x17)/CASE 0 (
CASE 2 (19x19)/CASE 0 (
b) Sliding wear
The volumetric wear ratio between two cases can be estimated by [Zhao, et al, 2004]
Q1  2 x f, xy (L2 / A mE + D2 L2 / 4EI)1Ix (3.36)Q2  D2 x f 2 y 2 ) (L2 /AmE+D 2L2 /4E1) 2
If assuming uniform sliding wear, the wear depth can be defined as
Dept = Q /(mDa) (3.37)
The results for all the cases are shown in Table 3.21.
Table 3.21 Volumetric wear ratio and depth ratio from sliding wear
Volumetric wear DepthSurface stress ratio
Open gap Closed gap Open gap Closed gap
CASE 1 (17x17)/CASE 0 (17X17) 1.373 1.371 1.373 1.371
CASE 2 (19x19)/CASE 0 (17X17) 1.121 1.259 1.252 1.406
Because of the larger core flow rate of CASE 1, its volumetric wear is larger than that of
CASE 2. Since CASE 2 has a smaller rod diameter, the depth of CASE 2 is larger than that of
CASE 1.
c) Fretting wear
If assuming the rods have the same wear coefficient "K", the ratio of the volumetric wear
rate for different cases can be calculated as
Q1 =W 1  m =  f, xf3 xy2 (3.38)
Q2 W2  m 23 x y2
The results are shown in Table 3.22.
Table 3.22 Volumetric wear ratios from fretting wear
Surface stress ratio Open gap Closed gap
CASE 1 (17x17)/CASE 0 (17X17) 1.886 1.881
CASE 2 (19x19)/CASE 0 (17X17) 1.184 1.248
3.4.6 Conclusions
This flow induced mechanical instability analysis shows that the cross flow velocities of
these two approaches are below the critical velocity at which excessive vibration will occur due
to vortex-shedding and fluid-elastic instability. For acoustic resonance from pump blades, the
vibration of the rods for the increased core flow rate case will not change if the speed of the
reactor coolant pump is not changed. For the larger assembly size, because the average coolant
temperature is increased, the acoustic frequency will be smaller and closer to the pulsation
frequency, which will increase the possibility of acoustic resonance. Changing the speed of the
RCPs can avoid this issue. Vibration of the rods and wear of the cladding of the 17x17 fuel
design will be doubled due to 22% more core flow rate. For the 19x19 fuel assembly design,
vibration of the rods and wear of the cladding are increased by about 30% due to smaller rod
stiffness, while the core flow rate is not changed. Because of higher lift-up forces for both
designs, a structural analysis of the capability of the hold-down mechanism is also necessary to
ensure adequate design.
4. ANNULAR FUEL - STEADY STATE
4.1 INTRODUCTION
As stated in Chapter 2, in order to achieve high power density in PWRs, new designs of the
fuel are needed, which must have specific properties. First, it should have a large cooling surface
area, so that the surface heat flux would be low and DNBR safety criteria would be easily met.
Second, it should have a small thickness, so that the fuel temperature and stored energy are low,
which will result in good performance during transients and loss of coolant accidents. A low fuel
temperature will also help limit fission gas release, thus help achieve high burn-up. Third, it
should have large rigidness to limit flow induced vibration effects at high mass flux. Finally, it
should be feasible to manufacture at acceptable cost.
At MIT, a new internally and externally cooled annular geometry PWR fuel has been
proposed to substantially increase power density while retaining or improving safety margins.
[Hejzlar et. al., 2001] The geometry of this annular fuel is shown schematically in Figure 4.1,
where the traditional solid fuel rod is also drawn for comparison (figure from Kazimi, et. al.,
2002). By adding the internal cooling channel, the total cooling surface area can be increased for
the same fuel volume. Advantages and shortages of this new fuel geometry will be discussed in
this chapter. The annular fuel rods have significantly larger diameter than the typical solid rods
to accommodate an inner coolant channel allowing for sufficient coolant flow. Thus, for fixed
fuel assembly dimensions, the number of annular fuel rods will be smaller than in the 17x17
array for solid pins and the power per rod will be increased. This chapter will describe the
analysis of steady-state thermal-hydraulic performance that was carried out to identify the
optimum geometry and the magnitude of the potential power density increase over the traditional
PWR cores with solid rods. We will learn some characteristics of this new fuel geometry once
the analysis is completed.
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Figure 4.1 Schematic of solid and internally and externally cooled annular fuel rod and
associated coolant cell (not to scale)
The internally and externally cooled annular fuel rod has two cooling surfaces: the outer clad
contacting the outer channel and the inner clad contacting the inner channel. The coolant from
the lower plenum flows into both the outer channels which allow for mass, momentum and
energy exchanges among adjacent channels, and also into the inner channels, which are isolated
and do not exchange mass and energy with other channels. The proposed annular fuel introduces
a new variable that needs to be considered in the thermal hydraulic design - pin internal cooling
flow rate. All current PWR cores employ fuel pins cooled at their external surface by an open
flow, hence all the energy generated within the pin is transferred to an external flow stream. For
an annular fuel rod with an internal cooling hole, only part of the heat generated is transferred to
the external coolant in the open fuel pin array and the remaining part proceeds to the coolant
flowing through the inner channel. An important task for the thermal-hydraulic optimization
process is to achieve a coolant flow split between the outer and inner channels, and a heat
conduction split in the annular fuel rods to the inner and outer surface, such that the cladding
surface temperature, coolant enthalpy rise, and especially DNBR in both channels are
approximately equal. The MDNBR in the core is maximized when the MDNBR values in the
inner channels and the outer channels are the same. An additional constraint in the design of
annular fuel is the maintenance of heavy metal to moderator ratio close to that for current PWRs
to retain the reactor physics characteristics.
The main objective of the thermal-hydraulic design of the annular fuel is to identify the most
promising fuel pin configuration and array design that allow a significant increase in PWR power
density while having comparable or better safety margins to current PWR fuel design. The
analyses here are limited to steady state thermal hydraulic conditions. Select key transients and
accidents are analyzed in a Chapter 5.
4.2 EXPLORATORY STUDY USING ONE-ROD MODEL
An exploratory analysis of the externally and internally cooled annular fuel to identify the
dimensions that will result in a flow split that produces the largest MDNBR was carried out
using a simple one-rod model. The model consists of one fuel rod and two coolant channels - the
inner channel and the outer channel. Details of the code designated TAFIX can be found in
[Kazimi, et. al., 2002]. Using the code TAFIX, preliminary searching for the best design of this
new geometry fuel was performed by Dr. Pavel Hejzlar and the results are given in [Kazimi, et.
al., 2002]. The analysis was performed for the hot rod (with the largest power peaking factor).
To identify the optimum dimensions of the annular fuel pin and the array size applicable to
the reference PWR core, the overall dimensions of the new annular fuel assembly were assumed
fixed equal to those of the reference 17x17 bundle with solid pins.
In order to define the most promising design for this annular fuel assembly, the following
assumptions were adopted [Kazimi et. al., 2002]:
* Power peaking for the hot rod in the core is the same as for the reference Westinghouse
PWR core (2.5 total, axial distribution - chopped cosine with peaking of 1.55). Analyses
were performed at 18% overpower, to allow for transients.
* Mass flow rate per fuel rod was taken equal to core-average flow rate per rod. This is not
conservative, as it ignores the diversion of some flow from the boiling hot channel.
* Thickness of both the inner and outer cladding is identical and equal to the cladding
thickness of a solid pin in the Westinghouse 17x17 array (this assumption was supported
later by the results from the fuel and cladding performance work).
* A pellet fuel is employed with symmetrical gap conductance of 6000W/m 2-K on each
side.
* Form loss coefficients for grids were assumed to be 0.6 for the 1 lxll through 13x13
arrays, 0.7 for the 14x14 array and 1.0 for the 15x15 array. Grids with larger form losses
for smaller fuel elements were necessary to force sufficient flow into the inner channel.
However, this will increase the total core pressure drop.
* Because the added inner cladding will take up some volume in the core, the coolant
volume and fuel volume will be smaller than those in the reference core. The fuel
dimensions (internal diameter) were selected in such a manner so as to obtain at least
90% of the fuel volume in the reference 17x17 design and about the same fuel to
moderator volume ratio.
* A constraint of minimum rod-to-rod gap of 1mm is adopted. This is smaller than the
3mm-gap in the reference 17x17 fuel; but is feasible based on manufacturing, vibration
and pressure drop considerations. The larger annular rods are stiffer and therefore less
prone to vibrations than the smaller solid rods, providing the possibility to employ a
smaller gap, as long as the pressure drop remains reasonable [Zhao et al., 2004].
* The number and layout of guide tubes for the 15x15 case was adopted from earlier 15x15
Westinghouse designs. For smaller array sizes, smaller numbers of guide tubes were
chosen since they can contain larger control rods and fewer larger guide tubes are needed
to hold the assembly together.
Table 4.1 Dimensions (cm) of annular fuel elements of various arrays
Array Dcii Dcio Dfi Dfo Dci Dco Pitch
Ilxll 1.0733 1.1876 1.20 1.700 1.7124 1.8267 1.952
12x12 0.9533 1.0676 1.08 1.540 1.5524 1.6667 1.789
13x13 0.8633 0.9776 0.99 1.410 1.4224 1.5367 1.651
14x14 0.7533 0.8676 0.88 1.294 1.3064 1.4207 1.533
15x15 0.6733 0.7876 0.8 1.1978 1.2102 1.3245 1.431
17xl7-ref. Solid pin - - 0.8255 0.8379 0.9522 1.263
Based on the above assumptions and restrictions, typical dimensions of fuel rods for each
array size are listed in Table 4.1 [Kazimi et. al., 2002], where in the first subscript c and f stand
for cladding and fuel, respectively; in the second subscript, i and o designate inner cladding and
outer cladding, respectively, or inner diameter and outer diameter for the fuel ring; and the third
subscript denotes the diameters of the cladding (i=inner, o=outer).
The dimensions of fuel rods for each array size shown in Table 4.1 are typical dimensions,
which means that final dimensions could be a little different from those shown in the table.
However there is little room for them to change mainly due to adoption of the restrictions of
1mm minimum rod-to-rod gap, at least 90% fuel volume to the reference and the reference fuel
volume to coolant volume ratio. Fine adjustment of the rod dimensions for a promising assembly
size will be discussed in Section 4.5 of this chapter using whole core analysis. The dimensions of
the reference solid fuel pin are also shown. The layout of the fuel rods and guide tubes for 13x 13
array is shown to scale in Figure 4.2. [Kazimi, et. al., 2002]
Figure 4.2 Fuel assembly in a 13x13 array
Figure 4.3 plots selected key parameters characterizing important neutronics and thermal
hydraulic performance as a function of array size. It can be observed that the total cooling
surface is significantly higher than that for the solid fuel and becomes smaller with decreasing
array size. Fuel and coolant volumes and fuel-to-moderator ratio are kept close to the value for
the reference 17x17 assembly.
Based on the simplified one rod thermal hydraulic analysis, the optimum configuration for
the annular fuel appears to be a 13x13 array. It offers the highest DNBR margin, small peak fuel
temperature and relatively small pressure drop. Therefore the 13x13 design with dimensions
from Table 4.1, designated PQN-02, was selected as the best reference design. [Kazimi, et. al.,
2002]
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Figure 4.3 Key parameters affecting neutronics and thermal hydraulics compared to 17x17
reference solid Fuel [from Kazimi, et. al., 2002]
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Figure 4.4 Comparison of fuel temperatures at the hot spot [from Kazimi, et. al., 2002]
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Figure 4.4 compares fuel temperature profiles at the hot spot for the solid and internally
cooled annular fuel. It shows that for fixed power density the hot spot of the annular fuel rod in a
13x13 fuel assembly has a 15000 C lower peak fuel temperature than a typical solid fuel rod of
the Westinghouse 17x17 design. It is also shown that a substantial increase in pin power (by
50%) is possible while peak fuel temperature remains 1100 0 C less than in the reference case.
The first significant benefit of such a low temperature is small stored energy and thus
significant increase of the grace period before emergency coolant needs to be delivered in a
LOCA, or substantial reduction of peak cladding temperature during the blowdown phase.
Adiabatic heat up calculations, where at zero time the heat transfer to coolant is set to zero and
power is reduced to 6.5% (decay heat level), show that for a fixed core power, the time before
the cladding temperature reaches the 1200 0C limit, is increased by an order of magnitude (in
comparison with solid fuel) due to much smaller stored energy in the annular fuel [Kazimi, et al,
2002]. More realistic LOCA performance benefits will be described in Chapter 5.
Another benefit of low fuel temperature is much smaller fission gas release, which results in
better fuel performance during irradiation. Low-temperature fuel has also less propensity to
balloon during core overheating accidents such as LOCAs. In addition, much smaller fuel
temperatures and temperature gradients are expected to produce less pellet cracking and thus
may reduce pellet cladding interaction (PCI).
Significant increase of the cooling surface results in an increase of DNBR margin for fixed
core power. The larger MDNBR is mainly a result of the larger fuel surface cooling area and this
makes the annular fuel an attractive option for power density uprate.
The last main advantage of the annular fuel is its large rigidity because of its tube-like
geometry with large diameter, which has high moment of inertia. This makes the annular fuel
more resistant to flow induced vibration than the reference solid fuel.
The low fuel temperature provides the annular fuel a wide margin for power uprating before
meeting the limitation of fuel temperature and stored energy in fuel for a benign cladding
behavior during transients. Also the 13x 13 annular fuel core has about 50% percent more cooling
surface than the reference solid fuel design, it can be roughly estimated that the annular fuel core
can operate at 150% reference power and has the same DNBR if the coolant condition, i.e.
critical heat flux of the coolant is kept the same.'
Further consideration should be given to core flow rate and core pressure drop. Power output
extracted from a PWR core is proportional to coolant mass flow rate and core temperature rise. If
the core outlet temperature is to be maintained below saturation and core inlet temperature
remains unaltered to maintain plant efficiency, the flow rate needs to be increased proportionally
to power. Thus, a major limiting thermal hydraulic parameter is the pressure drop across the
core. It can be observed that velocities in both the inner and outer channel increase linearly with
increasing power (and thus flow rate) and pressure drop grows with power squared. In the
reference PWR core, average velocity is about 5m/s. As a rule of thumb, velocity in water cooled
systems should not exceed 10m/s. However, mechanical design and vibration-related issues will
limit velocity to lower values.
Flow-induced vibrations in nuclear reactor components are generally due to four
mechanisms: (1) fluid elastic instability, (2) periodic vortex shedding, (3) turbulence induced
excitation, and (4) acoustic resonances. The analysis of annular fuel at 150% flow rate and power
showed that it is more resistant to all these types of vibration than solid fuel at 100% power
[Zhao et al., 2004]. Therefore, to keep coolant velocity and pumping power at reasonable levels,
a 50% power density increase was adopted as the target power level. Implication of this power
uprate for the MDNBR margin, will be evaluated in the following sections by a detailed
whole-core VIPRE model.
4.3 WHOLE-CORE MODELING OF ANNULAR FUEL
4.3.1 Modeling Approach and Comparison with TAFIX
The single pin analysis served for fast scoping of arrays to identify approximately the most
promising geometry of annular fuel rod. However, it does not account for differences in flow rate
distribution among the channels of various powers (or radial flow distribution in the core).
1 For power uprating through proportionally increasing the core flow rate, CHF of. the coolant will be increased
because of the benefit from increased mass flux.
Therefore, a more sophisticated analysis is needed for more accurate assessment of this annular
fuel.
VIPRE-01/Mod2 (Versatile Internals and Component Program for Reactors; EPRI) is a
powerful code for thermal-hydraulic analysis of LWR cores extensively used by nuclear power
utilities and certified by NRC. It is designed to evaluate nuclear reactor core safety limits
including minimum departure from nucleate boiling ratio (MDNBR), critical power ratio (CPR),
fuel and clad temperature, and coolant state in normal operation and assumed accident conditions
[Cuta et. al., 1985]. The code can calculate heat conduction in four different rod geometries:
nuclear fuel rods, solid cylindrical rods, hollow tubes and flat plates. VIPRE-01 can be simulated
as nuclear fuel rods only conventional cylindrical pins with external cooling. However, if the fuel
rods are defined as hollow tubes having several material regions with given radial and axial
power factors, internally and externally cooled annular pins can be simulated. This section will
describe VIPRE-01 model of annular fuel pin in a one-rod model using the hollow tube option.
VIPRE-01 results will be used for benchmarking of the TAFIX code and the PQN-02 design was
selected for the benchmark studies.
In this model, annular rods are defined by five regions - inner cladding, inner gap, fuel meat,
outer gap and outer cladding. Consistently with the TAFIX model, the radial power factor for
fuel meat equals 1.0 and those of the other four regions equal 0.0, i.e., no neutron and gamma
heating in the cladding is assumed. Because the hollow tube option does not allow for heat
transfer across a gap, the gap conductances have to be transformed to thermal conductivity in
such a manner that thermal resistance is maintained. For a gap having outside and inside radii
Rgo and Rgi, respectively, and conductance hg based on an intermediate radius Rg, an
effective thermal conductivity kg can be obtained from the expression:
1 1 In Rgo (4.1)
2MRghg 2Akg , Rgj
as
kg = hR In( Rgi (4.2)
A benchmark calculation was performed for the operating conditions in Table 4.1 using
TAFIX and VIPRE-01: Both codes use a one-rod niodel, which consists of one amnular fuel rod,
one inner channel and one outer channel. Dimensions of the annular fuel rod used in the
calculations are that of the 13x13 array. The operating conditions in the calculations are for
150% reference power and flow rate, and the fuel rod considered here is the hot rod with a linear
heat generation rate of 74.3 kW/m, which implies a radial power peaking factor of 1.65. The
coolant flow rate is the average flow rate per rod cell, which should consist of one inner channel
and one outer channel. Since the flow rate through the hot rod cell, which was modeled here,
should be smaller than the average value in the core (because of higher than average flow
resistance in these hot channels arising from possible sub-cooled boiling), this one-rod model
will not give accurate MDNBR results in the core. But it is acceptable for the purpose of
benchmark calculations between the two codes as long as the operating conditions for both codes
are consistent.
In both codes, the Westinghouse W-3S correlation without a grid mixing factor is used to
calculate the DNBR in the inner channel because it does not have any grid, and the
Westinghouse W-3L correlation is used to calculate DNBR in the outer channel. VIPRE-01 does
not allow the application of different correlations to different channels, but it is possible to obtain
the W-3S values by dividing the W-3L values by the grid factors, which are listed in the output.
Another possibility is to run VIPRE-01 with both W-3L and W-3S correlations and select results
appropriate to each channel.
Table 4.2 Operating conditions for the benchmark calculation
Internally Cooled Annular Pin Type PQN-02
Power 150% (q'avg =74.3kW/m)
Coolant Flow Rate 0.78357kg/s (150% nominal flow rate)
Operating Pressure 15.50MPa
Coolant Inlet Temp. 567.87 K
Gap Conductance 6000W/m 2-K (for both gaps)
Axial Power Profile Chopped Cosine (peak/average= 1.55)
Table 4.3 compares the calculated pressure drops and the flow split. The agreement is very
good with the differences being less than-3%.
Table 4.3 Comparison of calculated flow rates and pressure drops
Flow Rate (kg/s)
Pressure Drop (kPh
TAFIX VIPRE-01
The heat flux to the inner and outer channels is compared in Figure 4.5 and Figure 4.6,
respectively. Excellent agreement confirms that the VIPRE code calculates the heat flux split
between the outer and inner channels correctly. Comparison of DNBR values along the inner
channel shows excellent agreement (see Figure 4.7). In the outer channel the DNBR values
calculated by VIPRE-01 are about 5% lower than the TAFIX values, as shown in Figure 4.8.
This is the consequence of a slightly higher quality along the entire height of the outer channel,
which occurs due to somewhat smaller mass flow rate in this channel. Quality in the inner
channel is compared on Figure 4.9. VIPRE-01 quality near the channel entrance is above that of
the TAFIX. This is due to a smaller VIPRE pressure at the channel inlet. VIPRE calculates the
pressure inlet distribution from a given outlet pressure and its pressure drop is calculated from
smooth wall correlations, while TAFIX considers roughness effects. Lower inlet pressure affects
all properties, since these are treated as pressure dependent in both codes, yielding higher inlet
quality in VIPRE. However, because VIPRE mass flow rate in the inner channel is slightly
higher, the difference in qualities is reduced along the channel.
Heat transfer coefficients in the inner and outer channels are compared in Figure 4.10 and
Figure 4.11, respectively. The heat transfer coefficient in the inner channel exhibits significant
difference in the forced convection regime, because TAFIX incorporates entrance effects of
developing turbulent flow, while VIPRE-01 uses a simple Dittus-Boelter correlation. If the
entrance effect is removed, both codes show good agreement. In the subcooled boiling regime,
VIPRE gives somewhat higher heat transfer coefficient. But in spite of these differences, heat
flux split is not appreciably affected, as was shown in Figure 4.5 and Figure 4.6.
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Figure 4.5 Comparison of heat flux to the inner channel
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Figure 4.6 Comparison of heat flux to the outer charnnel
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Figure 4.7 Comparison of DNBR in the inner channel
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Figure 4.9 Comparison of equilibrium quality in the inner channel
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Figure 4.10 Comparison of heat transfer coefficient in the inner channel
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Figure 4.11 Comparison of heat transfer coefficient in the outer channel
Overall, it can be stated that TAFIX and VPRE-01 results are in very close agreement for all
important parameters. The differences do not exceed 6% and are due to different pressure drop
and heat transfer correlations, different two-phase flow models and different steam water
properties used in each code. Although VIPRE-01 does not provide the option of modeling fuel
with internal cooling, the excellent agreement confirms that VIPRE-01 hollow tube option can be
used with confidence to model internally and externally cooled fuel for the purpose of
determination of the MDNBR, provided that the fuel conductivity and pellet-cladding gap
conductances are known. These parameters will be obtained for various burnups and linear heat
rates from the FRAPCON code modified for analysis of internally cooled fuel, which has been
developed in a separate Task. [Yuan, et. al. 2004] Should the calculation of detailed fuel
temperature profile and coupling of burnup-dependent fuel conditions (primarily the calculation
of gap conductances) with DNBR analyses be desired, significant VIPRE-01 modifications,
incorporating new FRAPCON models for annular fuel into VIPRE-01 fuel routines, would be
required. The above benchmark calculations confirm that VIPRE-01 option of hollow tube is
sufficient for DNBR analyses of internally-cooled annular fuel.
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4.3.2 Hot Assembly VIPRE-01 Model and Comparison with the One-Rod
Model
As a next step, a hot assembly model for VIPRE-01 is to be established to evaluate the effect
of cross flow mixing on MDNBR results.
Because of symmetry, one eighth of the fuel assembly is sufficient for the analysis. The
channel and rod numbering scheme adopted for the VIPRE model is shown in Figure 4.12.
Although the full channels/rods on the model boundary are shown, only the symmetrical portion
of these entities falling within boundary lines is actually modeled in the calculation. For
example, rod 3 at the boundary is a half tube, whose outer surface is facing channels 1, 2 and 3
with the 0.125, 0.25 and 0.125 segments, respectively, and half of inner surface of channel 24
delivers heat to coolant in half the flow area of a regular inner channel. Hydraulic diameters are
not affected and in energy equation, every item is proportioned down so that an accurate energy
balance is preserved.
Normalized pin power distribution for the hot fuel assembly with PQN-02 fuel was obtained
by MCNP [Kazimi, et. al., 2002a]. The axial power profile is assumed to be a chopped cosine
with peak-to-average ratio equal to 1.55, i.e., the same as in the one-rod model. In the one-rod
model, the maximum linear heat generation rate was assumed to be 131.5kW/m at 118%
overpower for the case with 150% power density. For the sake of comparison between the
isolated channel results and full fuel assembly calculations, the same maximum linear heat
generation rate is used for the hottest pin (rod 9) in the hot assembly model, and powers of the
remaining rods are adjusted relative to the hot rod power based on the normalized pin power
distribution. Since the hot assembly model has a cross sectional area which is 18 times that of the
one-rod model, its total coolant flow rate was taken 18 times higher than that of the one-rod
model. All other operating conditions, such as coolant inlet temperature, system pressure, are the
same in both models. Channel inlet and outlet form loss coefficient of 0.4 and 1.0, respectively,
were used for both the inner and outer channels.
Figure 4.12 Channel and rod numbering scheme for the 1/8 model of the hot assembly
In contrast to the one-rod model, coolant in the outer channels is free to communicate with
adjacent subchannels and exchange heat and mass through gaps. Two key parameters influencing
lateral heat and mass exchange between outer channels considered in VIPRE-01 code are
turbulent mixing coefficient and resistance to lateral flow.
The turbulent mixing model in the energy equation is defined through the turbulent cross
flow
w'8=/s G (4.3)
where G is the average of the axial mass velocities in adjacent channels and 8 is the turbulent
mixing coefficient (sometimes designated as thermal diffusion coefficient). Use of a higher
turbulent mixing coefficient leads to larger later enthalpy and flow exchange and that usually
helps reduce the larger of the two enthalpies thus increase the DNBR in the hot channel. The gap
width for PQN-02 fuel is small compared to that in conventional PWR rod arrays. In bare rods, a
smaller gap yields larger turbulent mixing due to lateral turbulence pulsations, which grow with
a narrowing of gap [Rehme, 1992]. Annular-fuel uses grids with mixing vanes to enhance mixing
between outer channels. Weisman [Weisman et. al., 1968] reported 8- 0.076 for a rod bundle
with small mixing vanes. It is expected that the smaller gaps will reduce the effect of mixing
enhancement in comparison with the reference fuel with looser P/D. Thus, a zero value for the
mixing coefficient P3 was used in the analyses to yield conservative DNBR results. This is
consistent with an NRC review, which recommends that unless a value of turbulent mixing
coefficient can be verified by experimental data, either no turbulent mixing or conservatively
small turbulent mixing should be used for licensing calculations [Rossi, 1986]. The W-3L
correlation, i.e., the same as in the one-rod model, was used for MDNBR calculations.
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DNBR results for the one-rod isolated hot channel model and the hot assembly
model
For the cross flow between adjacent channels, the gap width, centroid length and cross flow
resistance coefficient KG, define the cross flow pressure drop:
Aps -. wK w v '
Apross = KG H2s 22S2
In Equation 4.4, w is the cross flow through the gap in kg/m-s, v' is specific volume for
momentum in kg/m 3 and s the gap width in m. A typical value of the flow resistance coefficient
Figure 4.13
(4.4)
between the two rods is on the order of 0.5. This value is usually used in subchannel analysis,
since for predominant axial flows the crossflow resistance has insignificant effect on the mass
flux and DNBR [Cuta, et. al., 1985]. More exact values can be obtained from a Blasius-type
relation. For cross flow across the tube bundle of a the square pitch, an Idelchik [Idelchik, 1993]
diagram can be used to derive for the pitch of 16.51mm and rod diameter of 15.37mm
KG = 7.33 Re-0 2, (4.5)
where Re is based on lateral velocity and rod diameter. This relation was used in the VIPRE-01
model.
The turbulent momentum factor, FTM, which determines the degree to which the turbulent
crossflow mixes momentum, can be specified on a scale from 0.0 to 1.0, where zero implies that
turbulent cross flow mixes only enthalpy and 1.0 specifies that momentum is mixed to the same
extent as enthalpy. An FTM of 0.0 was conservatively chosen for the model. Note that VIPRE is
very insensitive to the choice of FTM.
Examination of the VIPRE-01 hot assembly results showed that MDNBR is reached in
channels 30 and 6 for the inner and outer channels, respectively. Therefore, these two channels
are regarded as the hot channels and their results are plotted for comparison with the one-rod
model. Figure 4.13 compares DNBR results of the hot assembly and the one-rod isolated channel
models.
Clearly, the one-rod model values of MDNBR of 2.337 and 2.052 in the inner and outer
channels respectively are appreciably higher than the values of 1.585 and 1.627 in the hot
channels of the full assembly model. This is the consequence of flow depletion by the
unrestricted guide tubes, which due to their large hydraulic diameter allow bypass of a
significant portion of the assembly flow (note that the hydraulic diameter of the guide tubes is
1.4cm compared to 0.8633cm for fuel pins. Figure 4.14 comparing coolant mass flux in the
subchannels of interest between the one-rod isolated channel model and full assembly model
confirms this flow reduction. If the flow to guide tubes is fully blocked, the mass flux and
DNBR curves become close as shown in Figure 4.15 and Figure 4.16, respectively. As expected,
MDNBR near the exit of the outer channel is larger than in the isolated channel model due to
enthalpy mixing. Thus, the beneficial effect of enthalpy mixing (even neglecting turbulent
mixing coefficient) prevails over the effect of reduction of mass flux at this location.
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Figure 4.14 Comparison of coolant mass flux
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Figure 4.16 Comparison of DNBR for the case of blocked guide tubes
In practical design, it is easy to limit the flow through the guide tubes by inserting flow
restrictors at guide tube inlets. The DNBR calculations with guide tube flow restrictors prove the
effectiveness of the restrictors, as shown in Figure 4.17. Flow in the inner channel of fuel rods is
slightly reduced (by 7%), which results in a small reduction of MDNBR in this channel, while
the MDNBR in the outer channel is increased. Overall, the MDNBR remains about the same as
in the case of one-rod isolated channel model, it only switches location from the outer to inner
channel due to beneficial effect of flow mixing among outer channels.
It can be observed that DNBR is sensitive to bypass flow through the guide tubes since the
guide tubes have a relatively large diameter and a large portion of the flow passes through them
if no restrictions are applied to them. Flow restrictors for guide tubes are required and application
of flow restrictors results in an increase of MDNBR close to the values that would occur without
the bypassing effect of the guide tubes. Based on these observations, flow restrictors in guide
tubes are applied for all the following annular fuel designs.
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Figure 4.17 Comparison of DNBR for the case of guide tubes with flow restrictors
4.3.3 VIPRE-01 Whole Core Model with Annular Fuel
The exploratory studies using a one-rod model for MDNBR analyses identified the 13x13
array size to have the most promising thermal hydraulic performance. [Kazimi, et. al., 2002] To
obtain more realistic and accurate MDNBR, a whole core model is necessary. In particular, the
major concern is correct representation of channel flow rates. The earlier models used the
core-average mass flux, which does not account for flow rate reduction in the hot channels due to
increased pressure drop in these channels as a result of increased subcooled, or possibly,
saturated boiling. Therefore, it is expected that the MDNBR obtained from a full core model will
be smaller than the values obtained from a one-rod model.
The 13x13 design was first chosen for the whole core modeling. In a whole core model, all
rods and channels will be modeled and a sub-channel analysis scheme will be used. The power
distribution in the hot assembly of the 13x 13 configuration was calculated by MCNP [Kazimi, et.
al., 2002a]. Radial peaking of the hot assembly was taken to be 1.587 (This includes 6% peaking
increase to account for uncertainties and it is the same peaking as for the calculations of a
conventional solid fuel PWR core). The power distribution in the hot assembly can be
established as shown in Figure 4.18. In the same manner as for the reference PWR calculations,
the hot assembly was moved to the center of the core and surrounded by assemblies with the
same power. This will minimize the effects of mixing among the outer channels in these
assemblies and will yield conservative DNBR results. Powers of the fuel assemblies of the core
periphery were adjusted to maintain correct normalization. Figure 4.19 shows the assembly
power distribution in the core. A whole core VIPRE-01 model for the 13x13 annular fuel was
developed based on the power distribution and numbering schemes according to Figure 4.20 and
Figure 4.21. Note that the sub-channels around the hot rod are treated as individual channels
while those several pitch lengths away from the hot rod or the hot sub-channel are lumped
gradually into larger size channels.
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Figure 4.18 Pin power distribution in the hot fuel assembly with 1/8 symmetry
Figure 4.19 Assumed assembly power distribution in the 1/8 core
Figure 4.20 Numbering scheme of channels and rods in the hot assembly
Figure 4.21 Numbering scheme of lumped channels and rods in 1/8 core
Because VIPRE-01 does not provide an option for fuel rods with internal cooling, the
annular fuel rods were specified as heat generating tubes with five material regions, as discussed
in the one-rod model section. The annular rods are internally and externally cooled by the
coolant in the inner and outer channels, respectively. Flow in the inner channels does not have
mass and energy exchange with other channels, while flow in the outer channels exchanges both
mass and energy with adjacent outer channels through interface regions (called gaps).
Details of the whole core model are shown in Table 4.4. Some specifications from Table 4.4
were discussed in the assembly model of the previous Section 4.3.2.
As learned from the analysis using the assembly model, to prevent excessive bypass, flow
into the guide tubes has to be restricted. In practical design, it is easy to limit the flow through
guide tubes by inserting flow restrictors on guide tube inlets. Thus, in the whole core model,
flow through guide tubes was fully blocked, i.e., subchannels in the guide tubes were not
modeled, while the total core flow rate was reduced by 5% in order to address the by-pass flow.
The same flow reduction was used for the whole core model of the reference solid fuel.
Table 4.4 Summary of the VIPRE-01 whole core model of PWR with 13x13 annular fuel
assemblies
Parameter Specification
Model Whole core model with lumped sub-channels
Model region 1/8 core, full axial length
Fuel rod outer diameter 1.5367 cm
Fuel rod inner diameter 0.8633 cm
Guide tube outer diameter 1.5367 cm
Guide tube inner diameter 1.40 cm
Pitch 1.651 cm
Number of channels 49 channels - see Figure 4.20 & Figure 4.21
Number of rods 23 rods -see Figure 4.20 & Figure 4.21
Axial power profile Chopped cosine, peak-to-average ratio = 1.55
Radial power distribution See Figure 4.18 & Figure 4.19
Reactor power 150% reference power at 118% over power
(6037.5MWth)
Power deposited directly in coolant 0.0%
Core mass flow rate 150% reference flow rate reduced by 5%
(26,550kg/s)
Core inlet temperature Reference temperature increased by 20C
(294.7 0C)
Cross flow resistance coefficient KG = 7.33 Re-0.2
Turbulent mixing model f = 0.0
Turbulent momentum factor FTM= 0
Axial friction coefficient for turbulent fax = 0.32 Re
-0 25
flow
Form loss coefficient for mixing vane 0.6
grids in outer channels
Inlet and outlet form loss coefficient 0.4 for inlet and 1.0 for outlet
CHF correlations for inner channels W-3S, grid mixing factor 0.0
CHF correlations for outer channels W-3L, grid mixing factor 0.043, grid spacing
factor 0.066, grid factor leading coefficient
0.986
Void correlation EPRI model for subcooled void, Zuber-Findlay
drift flux equation with coefficients developed
for the EPRI void model for bulk void/quality
correlation, Columbia/EPRI correlation for
two-phase friction multiplier
Heat transfer correlation Dittus-Boelter for single-phase flow, Thom
correlation plus single-phase correlation for
subcooled and saturated nuclear boiling
The MDNBR and core pressure drop results for the 13x13 annular fuel, designated as
PQN-02, are shown in Table 4.5. The MDNBR in the inner channels and outer channels are
1.370 and 1.932 respectively, which are larger than 1.3. The hot outer channel has larger thermal
margin than the hot inner channel. MDNBR balance between the channels can be achieved by
increasing grid form losses in the outer channel from 0.6 to 0.85. This increases the inner
channel MDNBR to 1.705 at a slight increase of the pressure drop, as shown in Table 4.5.
Table 4.5 Whole-core MDNBR and total pressure drop results at 150% power and flow rate
MDNBR in MDNBR in Total pressure
inner channels outer channels drop (kPa)
13x13 Annular Fuel 1.370 1.932 242.69Design (PQN-02)
Grid Form Loss Coefficient 0.85 1.705 1.708 258.14
Inner/outer gap conductance 1.587 1.798 242.6215000/20000W/m2-K
4.3.4 Comparison of Whole Core Model and the One-Rod Isolated Channel
Model
The MDNBR and pressure drop results of the whole core model are compared with those of
the one-rod isolated channel model in Table 4.6. It can be observed that the isolated channel
model yields larger total pressure drop and larger MDNBR value in the inner channel than the
whole core model.
Table 4.6 Comparison of whole core model with one isolated channel model of 13x13 annular
fuel design
MDNBR in MDNBR in outer Total pressure
inner channels channels drop (MPa)
Whole core model 1.370 1.932 0.243
One-rod model 2.280 1.714 0.288
This difference is primarily the consequence of the inaccurate estimate of the flow rate
(core-average value was used) for the hot annular rod in the isolated rod model. Clearly, this
approach overestimates the flow rate through the hot channel because in a core the driving
pressure drop in the hot channel is determined by core-average channels, which do not
experience subcooled boiling. For the same mass flux, the hot channel has higher pressure drop
due to boiling along significant section of the channel. Thus, the mass flux in the hot channels is
lower than in the average channels, to maintain the same pressure drop across the whole core.
Figure 4.22 compares the mass flux along the hot inner and outer channels of these two models.
In the isolated channel model, the mass flux in both the inner and outer channels is constant
along the flow direction. Because the outer channel employs seven grids and the hydraulic
diameter of the inner channel is larger than that of the outer channel, the mass flux in the inner
channel is significantly higher than that in the outer channel. In the hot outer channel of the
whole core model, mass flux is larger at the lower half of the axial height and is smaller at the
upper half of the axial height. The reason for the mass flux shape and the effects on DNBR along
the channel will be discussed further in the paragraphs below.
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Figure 4.22 Mass flux in hot inner and outer channels calculated by different models
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Figure 4.23 Pressure drop (from outlet) in the hot inner and outer channels calculated by
different models
The whole core model predicts a smaller total pressure drop, 0.243 MPa, compared to the
isolated model, 0.288 MPa - see Figure 4.23. In the inner channel, the mass flux calculated by
the whole core model, is smaller than that calculated by the isolated channel model. Although the
flow conditions in the inner channel calculated by these two models are different, the heat fluxes
to the inner channel are practically unaffected, as shown in Figure 4.24. This is because the
difference between the flow conditions calculated by these two models is relatively small and the
total thermal resistance between the fuel meat and the coolant is not affected much by the heat
transfer coefficient at the rod surface. Thus, given the same heat flux from both models and the
differences in the coolant mass fluxes, the coolant temperature in the inner channel calculated by
the whole core model is higher than that calculated by the isolated model (see Figure 4.25).
Correspondingly, DNBR in the inner channel, calculated by the W3-S correlation using the
whole core model is smaller than that calculated by the isolated model (see Figure 4.26).
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Figure 4.24 Surface heat flux to the inner and outer channels calculated by different models
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Figure 4.25 Coolant temperatures in the hot inner and outer channels calculated by different
models
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Figure 4.26 DNBR in the inner and outer channels calculated by different models
Figure 4.22 shows that the axial mass flux in the hot outer channel calculated by the whole
core model decreases along the channel height and ends up below the values obtained from the
one-rod model in the upper half of the assembly. In the whole core model, the hot outer channel
is open and it exchanges mass, energy and momentum with adjacent sub-channels through the
interfacing gaps. VIPRE iterates at every axial node for the cross flow and solves the mass,
energy and momentum equations till the pressure gradient between adjacent sub-channels equals
the cross flow resistance. At the lower half of the core, boiling does not occur and the axial flow
resistances in the hot and cold outer channels are almost the same. Thus, the mass flux in the hot
outer channel is almost the same as that in the core-average channels and its value is larger than
that calculated by the one-rod model, the constant mass flux of which is determined by its total
pressure drop. At the upper half of the core, subcooled boiling occurs in the hot channels and
resistances to axial flow become larger. Therefore, the flow in the hot outer channel is forced by
pressure gradients to colder adjacent channels, resulting in a gradual reduction of the hot outer
channel flow. Although the mass flux in the upper half of the hot outer channel is smaller than
that calculated by the one-rod model and heat fluxes to the outer channel calculated by both
models are the same, the coolant temperature calculated by the'whole core model is smaller 'than
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that of the one-rod model. This is the benefit of (i) the larger coolant flow rate in the lower half
core that keeps the coolant temperature lower and (ii) coolant mixing in the outer channels in the
whole core model. As a result, the DNBR in the hot outer channels calculated by the whole core
model is larger than that calculated by the one-rod model.
In conclusion, comparing the whole core model and the one-rod model, the one-rod model
gives higher MDNBR results in the hot inner channel because of the imposed higher flow rate
through the inner channel resulting in a higher pressure drop. The one-rod model gives smaller
MDNBR results in the hot outer channel because it does not account for a larger flow rate at the
lower half of the fuel channel and the lower coolant temperature that enters the upper half of the
fuel channel, where MDNBR will reside. Also the total pressure drop in the hot outer channel
from the one-rod model is larger than that in the outer channel of the whole core model. It can be
inferred from this that the value of MDNBR in the hot channel is decided not only by total
pressure drop (thus flow rate), but also, more importantly by the pressure drop profile along the
channel (i.e., the shape of the flow rate distribution, thus the shape of the coolant temperature
distribution along the channel).
The comparison clearly shows that the MDNBR in the inner channel and in the hot channel
are all sensitive to radial peaking while the dominant reasons are different for them. Further, it
was made clear that the whole core model is necessary for realistic MDNBR prediction.
However, it is noted that the results in the inner channel of the one-rod model could be
significantly improved if the model is run twice - first for the core-average channel conditions to
obtain the driving pressure drop, which can then be used as a boundary condition for a one-rod
model of the hot rod to determine the flow rate through the hot inner and outer channels. Since
now the pressure drop will be lower, with lower flow rate through the outer channel, the one-rod
model will give even lower MDNBR results in the outer channel, which is worse. The feasibility
of the above scheme requires that the heat split to the two channels not be affected seriously by
changes of the boundary conditions.
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4.4 OPTIMIZATION STUDY USING THE VIPRE-01 WHOLE CORE
MODEL
Because of the appreciable differences between the results calculated by the one-rod and
whole core models, the search for the optimum geometry was partially repeated using the more
rigorous whole core model. This has been performed for the assembly sizes of 12x12 to 14x14
using the VIPRE-01 whole core model. First, the optimum array size was identified. Then the
rod dimensions were fine tuned to achieve the best performance in terms of MDNBR margin.
4.4.1 Search for the Best Array Size
Whole core calculations for the 12x12 and 14x14 array sizes were performed for the same
hot rod power peaking within the hot assembly, and with core-wide power peaking similar to the
13xl3 array (see Figure 4.18 and Figure 4.19). The annular rod dimensions used in the analysis
were the same as those given in Table 4.1.
Figure 4.27 and Figure 4.28 show the numbering schemes of channels and rods in the hot
assembly and in the whole core having the 12x12 array design. The power peaking in the hot
assembly was assumed to be the same as for the 13x13 design and core-wide power peaking was
assumed the same as for the conventional PWR. Similarly, Figure 4.29 and Figure 4.30 show the
numbering schemes for the core having 14x14 assemblies. The assumptions on power peaking
are also the same as for the 12x12 design.
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Figure 4.27 Numbering scheme of channels and rods in the
VIPRE whole core model
hot assembly of 12x12 design for
Figure 4.28 Lumped channels and-rods numbering scheme in 1/8 core of 12x12 design for
VIPRE whole core model
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Figure 4.29 Numbering scheme of channels and rods in the hot assembly of 14x14 design for
VIPRE whole core model
Figure 4.30 Lumped channels and rods numbering scheme in 1/8 core of 14x14 design for
VIPRE whole core model
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Key parameters of various array sizes affecting neutronics and thermal hydraulics
compared to the 17x17 reference solid fuel are again shown in Figure 4.31. It can be observed
that the cooling surface is significantly higher than that for the solid fuel and becomes smaller
with decreasing array size. Fuel and coolant volumes and fuel-to-moderator ratio are kept close
to the reference value for the reference 17xl 7 assembly.
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Figure 4.31 Key parameters affecting neutronics and thermal hydraulics compared to 17x17
reference solid fuel
For the guide tubes in the assembly, the outer diameters of the guide tubes are assumed to be
the same as fuel rods and the number of guide tubes was chosen to be appropriate in these
assembly configurations such that they can contain larger control rods. Thus fewer but larger
guide tubes are needed to hold the assembly together. These assumptions about the structural
needs will have to be verified and the design refined in the future.
The MDNBR results for the above three assembly sizes are shown in Figure 4.32. The
14x14 assembly size could not satisfy the MDNBR limit at 150% reference power density
because of insufficient flow rate through the hot inner channel. This problem can not be resolved
through fine-tuning of the fuel dimensions, unless grids with high loss coefficient are
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implemented to force more flow through the inner channel resulting in an unacceptable pressure
drop. The array sizes of 12x12 and 13x13 can both satisfy the 1.30 MDNBR limit at 150%
power density. Moreover, the MDNBR margin is comparable to that calculated for the reference
Westinghouse 17x17 solid fuel (MDNBR of 1.58) at 100% power using the same assumptions
and boundary conditions. The MDNBRs in the inner and outer channels of the 12x12 array are
better balanced (inner/outer=-l.42/1.51) than for the 13x13 design. The 13x13 design
(inner/outer=l.37/1.93) has a slightly smaller MDNBR margin (by 4%) in the inner channels, but
larger MDNBR margin (by 26%) in the outer channels than the 12x12 design. As will be seen in
the next section, the MDNBR for the 13x13 assembly size can be increased, and better balance
between the inner and outer annular channel can be achieved, through fine tuning of the cladding
dimensions.
3
2.5
1.5
0.5
1
-
12x12 13x13 14x14
Array sizes
Figure 4.32 MDNBR in the inner and outer channels for different assembly designs
The pressure drop of the 12x12 design is 9% lower than the 13x13 design, as shown in
Figure 4.33. Total pressure drops at 100% nominal power and flow rate are also shown and
compared to the reference core pressure drop of 17x17 solid fuel. It can be observed that the
annular fuel core has almost the same total pressure drop as the 17x17 solid fuel at 100%
nominal power and flow rate although the annular fuel has much larger cooling surface. With a
larger cooling surface and about the same flow area, the annular fuel has a smaller hydraulic
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diameter than the reference solid fuel core. The absence of grids in the inner channel and the
larger hydraulic diameter of the outer channel balance out the effect of increased heat transfer
surface. Hence, the annular fuel core has about the same total core pressure drop as the solid fuel
core. The higher pressure drop of the annular fuel at 150% nominal power stems solely from the
increased mass flow rate which is necessary to keep the core temperature rise the same.
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Figure 4.33 Total pressure drop of different assembly designs
The equilibrium qualities are plotted in Figure 4.34. It can be observed that at 18%
overpower, the upper portion of both the outer and inner channels is above the saturation
temperature and that the equilibrium quality of the outer channel is higher than that of the inner
channel, even though the MDNBR in the outer channel is higher. This is due to the benefit of
mixing in the outer channel. Furthermore, the quality of the hot outer channel is larger than that
of the reference solid fuel design at 100% nominal power. This is primarily because the
dimensions were selected such that more flow was forced intentionally into the inner channel, to
balance the MDNBRs between the channels (MDNBR in the outer channel is higher due to
mixing grids) and because of more pronounced flow depletion in the hot outer channel.
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Figure 4.34 Coolant equilibrium quality in the hot inner and outer channels of the 13x13
design at 150% power and in the hot channel of 17x17 solid fuel at 100% power
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Figure 4.35 DNBRs in the hot inner and outer channels of the 13x13 design at 150% power
and in the hot channel of 17x17 solid fuel at 100% nominal power
DNBR results along the hot inner and outer channels of the best performance assembly size
13x13 at 150% power are compared to the DNBR along the hot channel of the 17x17 solid fuel
at 100% nominal power in Figure 4.35. The DNBR values exceeding the value of 10 are not
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plotted and are kept at constant value of 10. It is interesting to note that the annular fuel exhibits
significantly higher DNBRs than the solid fuel in the first two thirds of the core height and their
minimum occurs closer to the channel outlet. This is the result of the differences between the
mass flux and qualities along the channels. In the lower half of the core, coolant quality is low,
thus the differences of critical heat fluxes between the annular and solid fuel are determined
more by the differences of their mass fluxes. The annular fuel core at 150% power (and 50%
larger cooling surface) has 50% higher mass flux, so that DNBR is higher. While in the upper
half of the core, the coolant quality becomes larger and the critical heat flux becomes determined
more by coolant quality. Annular fuel core at 150% power has larger coolant quality in the upper
half of the core (see Figure 4.34) so that the critical heat flux is somewhat lowered, thus DNBR
decreases faster than that in the solid fuel case. The competition between the increased mass flux
and coolant quality pushes the MDBNR locus for annular fuel closer to the exit.
4.4.2 13x13 Rod Geometry Adjustment for MDNBR Balance
The whole core results discussed above showed that the 13x13 design has larger MDNBR in
the outer channel than that in the inner channel. Therefore, further fine-tuning of the rod
dimensions was performed to obtain better MDNBR balance between the inner and outer
channels. In addition, adjustments to increase the fuel volume (the original 13x13 design had
89.6% of the reference solid fuel volume and the moderator-to-fuel volume ratio was about 6%
higher than that of the reference fuel assembly) were performed. A larger fuel volume is
desirable for fuel management, as it helps prolong the cycle length.
In this analysis of the dimensions of the rods, the cladding and gap thicknesses were kept the
same as in the previous design. The fuel volume was increased at the expense of a reduction in
coolant volume, and the assembly moderator-to-fuel volume ratio was made equal to that of the
reference solid fuel assembly. The resulting inner and outer diameters are given in Table 4.7 for
various Vf,/Vfs ratios, where Vfa and Vp are fuel volumes of the annular fuel assembly and the
reference solid fuel assembly, respectively. The second column in the table shows the relative
moderator to fuel ratios for annular and solid fuels and the last row lists the values for the
original 13x13 design (PQN-02). The MDNBR values for each of the explored alternatives, as
calculated using VIPRE-01 whole core model for 150% reference power and 150% reference
flow rate, are summarized in Table 4.8.
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Table 4.7 Geometries of alternative designs of 13x1 3 array size
tVc/V J(,  a Dcoo* Dcoi Dfo Dfi Dcio Dcii
Vfa/Vfs (c )s (cm) (cm) (cm) (cm) (cm) (cm)
0.93 1.0 1.5592 1.4449 1.4325 1.0032 0.9908 0.8765
0.931 1.0 1.5542 1.4399 1.4275 0.9954 0.983 0.8687
0.932 1.0 1.5492 1.4349 1.4225 0.9877 0.9753 0.861
0.933 1.0 1.5442 1.4299 1.4175 0.9799 0.9675 0.8532
0.934 1.0 1.5392 1.4249 1.4125 0.9721 0.9597 0.8454
0.896* 1.06 1.5367 1.4224 1.41 0.99 0.9776 0.8633
*Subscripts, ci, f and co designate inner cladding, fuel
subscript designates outer (o) or inner (i) surface.
** Original 13xl3 design
and outer cladding respectively; second
Table 4.7 indicates that with the fuel volume increase at a fixed moderator to fuel volume
ratio, both the inner and outer diameters of the annular fuel decrease while the thickness of the
fuel meat increases.
Table 4.8 MDNBR values for alternative 13x13 designs at 150% power and 150% flow
Table 4.8 shows that the MDNBRs in the inner and outer channels are better balanced for
the annular/solid fuel volume ratio of 0.932 and the same moderator to fuel volume ratio.
Compared to the original 13xl3 design, the fine-tuned design has 4.8% higher core pressure drop
and 3.6% more heavy metal in the core. The MDNBR of the fine-tuned design (designated
PQN-03) at 150% power is slightly higher than the MDNBR of the reference solid fuel at 100%
power.
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4.4.3 Better Dimensions for the 14x14 Array Size
Using the same scheme as for the 13x13 array size shown in the previous section, better rod
dimensions for the 14x14 array size can be calculated and are shown in Table 4.9.
Table 4.9 Various 14x14 designs and the best 14x14 design
(V f / a MDNBR
Vfa/Vfs (V/ - Dcoo* Dcoi Dfo Dfi Dcio Dcii MDNBR
(cm) (cm) (cm) (cm) (cm) (cm) Inner Outer
0.921 1.0 1.4348 1.3205 1.3081 0.9004 0.8880 0.7737 1.286 2.259
0.920 1.0 1.4391 1.3248 1.3124 0.9071 0.8947 0.7804 1.49 2.141
0.897 1.038 1.4341 1.3198 1.3074 0.9121 0.8997 0.7854 1.421 2.173
0.892 1.048 1.4341 1.3198 1.3074 0.9150 0.9026 0.7883 1.445 2.146
0.921** 1.006 1.4207 1.3064 1.294 0.8676 0.88 0.7533 0.656 2.563
Subscripts, ci, f and co designate inner cladding, fuel and outer cladding respectively; second
subscript designates outer (o) or inner (i) surface.
** Previous 14x14 design
It is observed through the whole core calculation that the 14x14 assembly size has a low
DNBR in the hot inner channel. More flow into the inner channel would be needed to increase
the DNBR in the hot inner channel and to balance the MDNBR in the inner and outer channels.
This can be achieved by increasing the diameter of the inner channel. This will reduce the fuel
volume if the outer diameter is not increased at the same time. Yet, in order to keep the fuel
volume above the value of 90% of the reference solid fuel core, the outer diameter has to be
increased correspondingly. But the outer diameter is limited by the rod-to-rod gap width of 1 mm
and the pitch, the outer diameter could not be increased at some point. This will be the limiting
point that the 14x14 assembly size can achieve for a balanced DNBR. The dimensions at this
limiting point for the 14x14 assembly size are shown in Table 4.9 in bold typeface.
Another way to balance the DNBR in the inner channel and the outer channel of the 14x14
assembly size is to increase the pressure drop coefficient of the grids in the outer channels. This
will increase the total pressure drQp in the core. Since the 14x14 assembly size with the original
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grids pressure drop coefficient already has very large total pressure drop, it is not advisable to
use this scheme to improve DNBR balance.
4.4.4 Comparison of all Array Sizes
New comparisons can be made among the arrays after the dimensions for all the array sizes
are fine-tuned (except for 12x12, which already has the best balanced DNBR). The best
dimensions of the various arrays are shown in Table 4.10. The dimensions of the reference
design are also shown in the last row.
Table 4.10 Best dimensions for various array sizes
Array Dcii Dcoi D D fO Dcio Dooo Pitch
12x12 0.9533 1.0676 1.08 1.540 1.5524 1.6667 1.789
13x13 0.861 0.9753 0.9877 1.4225 1.4349 1.5492 1.651
14x14 0.7854 0.8997 0.9121 1.3074 1.3198 1.4341 1.534
17xl7-ref. Solid pin - - 0.8255 0.8379 0.9522 1.263
12
x12 13x13
Assembly size
14x14
Figure 4.36 Key parameters for various array sizes
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For the dimension given in Table 4.10, the key parameters that affect neutronics are shown in
Figure 4.36 for comparison.
Table 4.11 shows the core pressure drop, MDNBRs and coolant exit qualities in both the hot
inner and outer channels for the various assembly sizes at 18% overpower condition.
Table 4.11 Comparison of VIPRE whole core results of various assembly sizes
12x12 13x13 14x14
Ap (kPa) 223.46 254.41 275.37
MDNBR(inner) 1.423 1.614 1.421
MDNBR(outer) 1.512 1.768 2.173
Exit quality-in 0.0669 0.0682 0.1006
Exit quality-out 0.1733 0.1709 0.1518
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Figure 4.37 Comparison of hot spot temperature for various array sizes
Figure 4.37 shows the temperature profiles for various array sizes. It can be observed that a
smaller-array size has a higher peak-fuel temperature, which is the result of a higher linear heat
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generation rate because of the smaller number of rods, and also relatively thicker fuel ring. But
an advantage of the much smaller fuel temperature of annular fuel than that of the solid fuel, is
obvious since at the same condition, the peak fuel temperature in the reference solid fuel is about
2200 oC.
12x12 13x13
Assembly Size
14x14
Figure 4.38 Comparison of MDNBR for various array sizes
The MDNBR results for various arrays are shown in Figure 4.38. Because of the reasons
stated in the paragraph above, the 14x14 array could not provide a balanced MDNBR in the
inner and outer channels. As expected, the 13x13 design is better than the 12x12 design once the
MDNBR in the inner and outer channels are balanced through fine-tuning of the dimensions of
the rods, because the 13x13 array has a relatively larger cooling surface than that of the 12x12
array.
4.5 SENSITIVITY TO MANUFACTURING AND OPERATING CONDITIONS
After the optimum annular fuel geometry has been identified, issues of sensitivity to the
manufacturing tolerance and operating condition need to be addressed. -
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First, from the analysis in section 4.4, we have learned that the annular fuel design has a
relatively large MDNBR sensitivity in the inner and outer channels to changes of the inner and
outer diameters. This gives rise to questions about effects from manufacturing tolerances and
oxide growth. These two issues will be analyzed in this chapter.
Another issue for the annular fuel is the fuel-clad gap conductance of both gaps. In the
previous analyses, symmetric gap conductances for the inner and outer gaps were used.
According to fuel performance analysis, the annular fuel will expand during the in-core radiation
and the outer gap will have relatively larger conductuances, especially when the outer gap is
closed because of the expansion while the inner gap is not. The effects of asymmetric gap
conductances will be also analyzed in this Section 4.5.2.
The last issue that will be discussed in this section is the surprisingly larger sensitivity of
DNBR results to change in core parameters, such as system pressure, core flow rate, core power
and coolant inlet temperature than for the reference solid fuel core. This larger sensitivity arises
from the characteristics of the annular fuel, namely that almost half the coolant flow is through
the isolated inner channels, which is mainly dependent on the total pressure drop across the core.
When core parameters change, the flow redistribution between the inner channels and the outer
channels would impact MDNBR values for the annular fuel core, yet the solid fuel core does not
exhibit this effect. The other possible reason for this larger sensitivity of annular fuel is that the
annular fuel design has much smaller gap between two adjacent rods, i.e. the width for lateral
flow in the annular fuel assembly (around Imm) is much smaller than that of the reference solid
fuel assembly design (around 3 mm). An analysis in Section 3 of this chapter shows that if only
the outer channels are modeled in an annular fuel core, we will still see this larger sensitivity
compared to that of the reference solid fuel core. Once the gap between two adjacent rods in this
artificial outer-channles-only core is enlarged to that of the reference solid fuel design, this larger
sensitivity is eliminated. We infer from the above facts that a core consisting of
non-communicating parallel channels will have larger sensitivity of DNBR to core parameter
changes than a core with communicating channels.
4.5.1 MDNBR Sensitivity to Manufacturing Tolerances and Oxide Growth
The MDNBR results in Tables 4.8 and 4.9 suggest a relatively large sensitivity to diameter
changes. Comparing the cases of Vfa/Vf, = 0.931 and 0.932, the inner diameter of the inner
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cladding decreases by 0.9% while the outer diameter of the outer cladding decreases by 0.32%.
Thus, the flow area of the inner channel is decreased by 1.5% and the outer channel is increased
by 1.5%. The VIPRE-01 results show that the flow rate in the hot inner channel is decreased by
4.2% and that in the hot outer channel is increased by 3.9%. On the other hand, the heat flux to
the hot inner channel is increased by 0.7% and that to the hot outer channel is increased by 0.5%.
However, considering the smaller surface area of the rod, the heat addition to the hot inner
channel is decreased by only 0.2% and that to the hot outer channel is increased by 0.2%. The
net effect is 4% higher and 3.6% lower enthalpy rise in the hot inner and outer channels,
respectively. Higher enthalpy rise in combination with smaller mass flux in the hot channel
results in a larger MDNBR change in the hot channel. This sensitivity of MDNBR values to
diameter change mainly arises from the flow distribution between the inner and outer channels as
a result of increasing the outer channel flow area while decreasing the inner channel flow area, or
vice versa. If the inner and outer diameters change in opposite directions so that the inner and
outer channel flow areas change in the same direction, the sensitivity would be much smaller.
Nevertheless, the large sensitivity of MDNBR to dimensional changes raises a concern about
the effect of manufacturing tolerances on the core thermal performance. The change of VfaNfs
from 0.93 to 0.933 results in the outer and inner diameters change by 0.015 cm and 0.023 cm in
the same direction, but still satisfies the MDNBR requirement of 1.3. Achievable manufacturing
tolerance is between ±0.002 and ±0.003 cm. This is much less than the above assumed diameter
variation. VIPRE calculation for the tolerance of ±0.002 to ±0.003 cm show the MDNBR change
by about ±4%, which would be further mitigated by random distribution of plus and minus
tolerances for the inner and outer diameters. It is also noted that the manufacturing process will
have to achieve small surface roughness, which is about the same for both the inner and outer
channels. VIPRE-01 calculations were performed using smooth surface friction factor
correlations, since reactor core fuel rods with smooth surfaces are typically achieved.
Another concern is the effect from oxide growth. Although it is small, the oxide growth will
affect the flow area, thus flow rate, in the hot channels; further, the oxide layer has smaller
conductivity and thus may have some effect on the heat flow split. To evaluate sensitivity of the
MDNBR in the hot channels, VIPRE-01 whole core calculations were used for an oxide
thickness of 8 = 0.05 mm which is a typical value at the end of in-core life [Yuan, et. al., 2004].
The chemical form of the oxide is ZrO2, which has a density of 5.9 g/cm 3 and conductivity of 2
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W/m.ok [SAMSONOV, 1973] Density of zirconium is 6.4 g/cm3. Since ZrO2 has larger
molecular mass and lower density, thickness of the cladding will be increased after oxidation.
For simplicity and conservatism, this oxide growth layer was assumed to cover the whole surface
of the hot rod along the entire height. Diameters of the rods with oxidation were calculated as
follows:
For outer cladding:
Do = Do -28, Vr =[D -D o ], Mr =6.44[D 2-D2]
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Mro2 = 91 M,, Vzo2 = Mzo2/5.9,91
F4 V-Do = VO2 +Do
where Do is the original outer diameter; Do is the diameter inside the oxide layer; Vz, and Mzr are
the volume and mass of the oxided Zr, respectively; Vz,02 and MZr02 are the volume and mass of
the ZrO2 that is generated after the oxidation, respectively; and Do is the diameter after the
oxidation.
Similarly for the inner cladding:
D = Do +2Y, r V = "o2 -D , Mzr =6.4 [DO2 -D]
MZo2 = 91 M,, VZo = Mo /5.9,
. D2 4
" = Do - zro,0f 
-
where the meaning of each variable is similar to that in the expression for the outer cladding with
the inner cladding diameter, Di, replacing Do. The values of the diameter changes using these
expressions are shown in Table 4.12.
Table 4.12 Diameter changes after oxidation
6 Do Do Do A
Outer (cm) 0.005 1.5367 1.5267 1.5413 0.002301
Inner (cm) 0.005 0.8633 0.8733 0.8586 -0.002332
Surface roughness is assumed unaltered after oxidation. The MDNBR results for the 13x1 3
fuel calculated by VIPRE-01 whole core model are shown in Table 4.13.
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Table 4.13 MDNBR results calculated by VIPRE-01 whole core model
Oxide on both No oxidation
surfaces
Inner channel 1.415 1.370
Outer channel 1.861 1.932
There are two effects of oxide growth on one side of the annular fuel rod: (i) a decrease of
the flow area; (ii) an increase of the thermal resistance on this side. The first effect will reduce
the MDNBR on the affected side since the mass flow will be smaller and the second will
increase the MDNBR on this side due to the reduced heat flux. The results from Table 4.13
indicate that the MDNBR of the outer channel is reduced slightly and that of the inner channel is
increased when oxide growth exists on both sides. While the assumptions for this analysis are
very conservative, the results show that effects of oxide growth on MDNBR are small.
In conclusion, the sensitivity results show that MDNBR changes due to manufacture
tolerance and oxide growth on the surfaces of the cladding are relatively small and the MDNBR
limit can be satisfied at 150% power.
4.5.2 Gap/contact Conductance Sensitivity Analysis
Calculations performed so far assumed that the gap conductances of the outer and inner gaps
are identical. Such perfect gap symmetry is not likely to occur for all pellets along the rod. Also,
this may not hold during the entire irradiation history of a fuel rod because fuel will expand,
crack, swell and relocate. The behavior of the inner and outer gaps has been investigated in a
separate task. [Yuan, et. al., 2004] It was found in that work that the outer gap conductance tends
to increase after thermal expansion of the annular fuel ring which leads to contact with the outer
cladding.
The behavior of both gap conductances depends on the history of irradiation in the core.
Nevertheless, it is of high interest to evaluate the sensitivity of DNBR to the gaps thermal
resistance. This is because, contrary to the solid fuel rods where all heat generated within the rod
has to be transferred through the outer cladding surface, heat flux to the inner or outer claddings
in the internally cooled annular fuel can change depending on the heat resistance of each gap.
Thus, gap conductance can appreciably affect minimum DNBR. This section will investigate
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sensitivity of MDNBR to changes in the gap conductance or contact conductance in the
pelletized and VIPAC fuels, respectively.
By assuming changes of gap conductances of 50%, results of the one-rod model will be given
in the first part of this section. A more realistic analysis using the whole core model and realistic
gap asymmetry will be given in the following part.
First, the gap conductance sensitivity analysis is performed by increasing the inner gap
conductance and at the same time reducing the outer gap conductance by 50%, or vice versa. At
normal conditions, the inner gap conductance, hgi, and the outer gap conductance, hgo, are both
assumed to be 6000W/m 2-K. Analysis is made at 150% nominal power and 150% coolant flow
rate. DNBR results for the inner and outer channels are plotted in Figure 4.39 and Figure 4.40,
respectively.
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Figure 4.39 DNBR sensitivity to gap conductances for pellet fuel- inner channel
Clearly, DNBR is very sensitive to asymmetries in gap conductances. For the case of 50%
smaller hgi and 50% larger hgo the MDNBR is reduced from about 2.4 to 1.2, which is below the
1.3 limit. This is because the gaps represent major thermal resistances for heat removal from the
fuel to coolant and thus primarily determine the heat flux split. However, the 50% difference in
each gap in the opposite direction to maximize the imbalance in the heat flux split may be overly
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conservative, this large sensitivity of MDNBR to gap conductance poses a new challenge not
observed in solid fuel rods.
0 1 2 3 4
Axial Height (m)
Figure 4.40 DNBR sensitivity to gap conductances for pellet fuel- outer channel
The situation is different in the VIPAC rods, which do not have gaps between fuel and
cladding and the contact conductance is much larger, i.e., 25,000 W/m 2-K [Cunningham et. al.,
1981] as opposed to 6,000W/m 2-K for pellet fuel with open gap. In addition, fuel movements are
restricted in the absence of gaps and sintering at such low temperatures is not expected to occur.
Thus, only changes from irradiation driven fuel relocations are expected early during burnup,
and will most likely be small. As a result, smaller asymmetries between gap conductances than
in pellet fuels can be expected. Nevertheless, the same 50% changes of contact resistances will
be modeled for VIPAC fuel.
Since VIPRE-01 does not provide the option of adding thermal contact resistance at the
interface between materials, this contact resistance has to be included into the cladding resistance
by adjusting the conductivity of cladding so that the same total (cladding plus contact resistance)
thermal resistance is maintained. This simplification will not affect heat flux split, DNBR, fuel
temperature and cladding outside temperature; only cladding average temperature will be
increased. The new conductivity of the cladding can be calculated from the equality:
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where kc is the new conductivity of clad, kc is the real clad conductivity, Rco and Rci are inner
and outer radii of the clad, hg is contact conductance based on Rg; here Rg is equal to Rct, and Rco
for the outer and inner cladding, respectively. Recasting Equation 4.6 yields
R hgkc In R
S,RcOi
Figure 4.41 and Figure 4.42 plot the DNBR results in the inner and outer channels,
respectively. For 50% changes in contact conductance, DNBR for VIPAC rods is significantly
less sensitive than for pellet fuel. For example, MDNBR in the outer channel is reduced only
from 2.4 to 2.1, i.e., by 12%. This is because the main heat transfer resistance is in the fuel meat
due to the small fuel/clad contact resistance. Therefore, VIPAC fuel is much more resilient
against potential asymmetries in fuel/clad contact resistance than the pellet fuel.
Axial Height (m)
Figure 4.41 DNBR sensitivity to gap conductances for VIPAC fuel- inner channel
124
Axial Height (m)
Figure 4.42 DNBR sensitivity to gap conductances for VIPAC fuel- outer channel
The actual behavior of both gap conductances depends on the irradiation history. Following
the fuel performance analyses results, [Yuan, 2004] we assume in this sensitivity study a
reduction of the inner gap conductance by 10% and an increase of the outer gap conductance by
30% from their reference values. As discussed in the introduction to this section, gap
conductances of annular fuel affect not only fuel temperature, but also MDNBR because of the
changes in heat fluxes on each side. Therefore, MDNBR sensitivity to these effects was
evaluated using the VIPRE-01 whole core model for both the pellet fuel (gap conductances) and
VIPAC fuel (contact conductances). Analysis was performed for the 13x13 array (PQN-02
design) at 150% nominal power with 18% overpower and 150% coolant flow rate.
DNBR results for the inner and outer channels, when the inner gap conductance, hgi is
decreased by 10% and outer gap conductance, hgo, increased by 30% are plotted in Figure 4.43.
The DNBR results in the inner and outer channels with the reference gap conductance are also
shown for comparison.
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Figure 4.43 DNBR sensitivity to gap conductances
Clearly, DNBR is very sensitive to asymmetries in gap conductances. For the case of 10%
smaller hgi and 30% larger hgo the MDNBR in the outer channel is reduced from about 1.93 to
1.46, and that in the inner channel is increased from 1.37 tp 2.11.
The situation does not materialize in the VIPAC rods. Figure 4.44 plots the DNBR in the
inner and outer channels. For the same rate of changes in gap conductance as for pellet fuel,
DNBR for VIPAC rods is significantly less sensitive. For example, MDNBR in the outer channel
is reduced only from 1.99 to 1.84, and that in the inner channel is increased from 1.37 to 1.52.
This is because now the major heat transfer resistance from fuel to coolant is primarily in the fuel
meat, while the fuel/clad thermal resistance is less significant due to the large contact
conductance. Hence, changes in the fuel/contact resistance do not affect the heat split
significantly. Therefore, VIPAC fuel is much more resilient to potential asymmetries in fuel/clad
contact conductance than the pellet fuel.
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Figure 4.44 DNBR sensitivity to gap conductances for VIPAC fuel
It should be remembered that the present analysis assumes constant gap conductances along
the length of the fuel rod. In reality, both manufacturing tolerances and fuel expansion behavior
will result in variable axial gap conductances on both sides. Hence, the above analysis presents
conservative evaluation of the effects of gap conductance, tolerance and clad oxidation.
4.5.3 MDNBR Sensitivity to Changes in Operating Parameters
In this sensitivity analysis, the base case for annular fuel (the 13x13 PQN-02 design) is at
150% power with 2% overpower, 150% core flow rate, 292.7 OK inlet coolant temperature, and
15.5 MPa system pressure (at outlet). The base case for solid fuel is at 100% power with 2%
overpower, 100% core flow rate, and the same core inlet temperature and system pressure as for
the annular fuel. MDNBR results were calculated by VIPRE-01 whole core model in such a
manner that one parameter was changed while the other core parameters remained fixed. The
calculated results of MDNBR sensitivity to changes in core pressure, core power, coolant inlet
temperature, and core flow rate for both designs are shown in Figure 4.45 through Figure 4.48.
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Figure 4.45 MDNBR sensitivity to core pressure
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Figure 4.46 MDNBR sensitivity to core power
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Figure 4.47 MDNBR sensitivity to coolant inlet temperature
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Figure 4.48 MDNBR sensitivity on core flow rate
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The figures show that the annular fuel has somewhat larger MDNBR sensitivity to all core
operating parameters considered. The results confirm the expectation that the MDNBR in the
inner channel, which is isolated and thus cannot benefit from flow mixing, will be more sensitive
to changes in operating parameters. However, it can be also observed that the outer channel
MDNBR is more sensitive to operating parameters than the reference solid fuel. This was a
surprising finding, hence an artificial model with only "outer" channels (i.e. outer-channel-only
model, OCOM) was set up to identify the reasons for this behavior. The rods were defined as
fuel rods with the same outer diameter of PQN-02 annular fuel rods and the assembly size is
13x13. The numbering schemes of rods and channels in the 1/8 hot assembly and 1/8 core of this
OCOM are shown in Figure 4.49 and Figure 4.50, respectively. The core power and core flow
rate for the base case were approximately equal to the heat rate removed through the outer
channels and the flow rate in the outer channels in the regular annular fuel core. This model
eliminated the effect of the inner channel and investigated solely the outer channels. The
calculated results of MDNBR sensitivity to changes of core pressure, core power, coolant inlet
temperature, and core flow rate for both designs are also shown in Figures 4.45 through 4.48
(curves "outer channels only model (OCOM)").
Figure 4.49 . Numbering of rods and channels in the hot assembly of the Outer Channels Only
Model (OCOM)
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It can be observed that the sensitivity of the new outer-channels-only core is almost the same
as that of the annular fuel core with both internal and external channels, and is larger than that of
the reference solid fuel core. The MDNBR sensitivity of the outer-channels-only core is almost
the same as for the inner channels in spite of the cross flow, which is possible among outer
channels. The main difference between the outer-channels-only assembly and the reference solid
fuel assembly is that the outer-channels-only assembly based on the annular fuel assembly has
smaller rod-to rod gap width between two adjacent rods (around 1mm) compared to the reference
solid fuel assembly (around 3mm).
Figure 4.50 Numbering of lump rods and channels in 1/8 core of the Outer-Channels-Only
Model (OCOM)
To quantify the gap width effect, a third case of larger gap width (the same value as for the
reference solid fuel assembly design) was set up and calculated using the reduced outer diameter
of the fuel rods of the outer-channel-only model (OCOM). The results of MDNBR sensitivity to
changes of operating parameters for both designs show that the MDNBR sensitivity of the
outer-channels-only model with larger gap width is of the same magnitude as that of the
reference solid fuel core (see Figures 4.45 to Figure 4.48). Since a small gap width will limit
lateral flow and flow mixing between the channels, it can be inferred that this larger sensitivity
arises from the restricted area between the channels. One can infer from the above studies that a
core consisting of non-communicating (or with large resistance to cross flow) parallel multiple
channels will have larger DNBR sensitivity to core parameter changes. However, it is noted that
all the above calculations were performed with zero mixing coefficient. The results of OCOM
with fi = 0.08 (refer to Equation 4.3) are also shown through Figures 4.45 to 4.48, and it can be
observed that the sensitivities are now smaller. This once again confirms that the large
sensitivities are the results of limitations of communication between the channels.
4.6 POWER UPRATE CONSIDERING LIMITATION ON REACTOR
COOLANT PUMP SIZE
It has been shown that the use of internally and externally cooled annular fuel has the
potential for increasing the PWR core power density up to 150%, if the coolant flow rate is also
proportionally increased to 150%, thus keeping the coolant temperature in the core unchanged.
Larger core flow rate can be achieved by installing more powerful reactor coolant pumps or
adding more primary loops. A recent study by Westinghouse [Westinghouse, 2004] pointed out
that it may be difficult to achieve a coolant flow rate increase by 50% because of limitations on
the capacity of the current commercial pumps, if no new loops are added. A fifty percent
increase in flow rate requires the reactor coolant pumps to provide about 2.25 (1.52) larger head
and the pump motors to have approximately 3.375 (1.53) larger pumping power. Westinghouse
provided two alternative scenarios to avert such high pumping power, with MATHCAD files to
calculate the new core parameters based on typical configuration of Westinghouse 4-loop plants
[Westinghouse, 2004]. The two cases are:
Case 1, where the reactor coolant pumps (RCPs) are not replaced; and
Case 2, where the RCPs are replaced with larger pumps, but the maximum pump power is
limited to twice that of current RCPs.
The purpose of this investigation is to evaluate the required core inlet and outlet
temperatures for flow rates consistent with the pump power restrictions, such that the MDNBR
safety limit is not exceeded. The DNBR calculations were performed using VIPRE-01 annular
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fuel whole core model. The MDNBR safety limit was taken to be equal to that for a regular
Westinghouse 4-loop PWR with solid fuel, and using the same analysis approach.
The safety analysis limit for the MDNBR has been defined. To be a conservative estimate,
when using the Critical Heat Flux (CHF) predicted by the W-3 correlation, the minimum DNBR
has to be larger than 1.3 at all times. For this steady-state analysis, conservative conditions (18%
overpower and 2 'C increased coolant inlet temperature) were applied to calculate MDNBR in an
effort to address the spectrum of Condition II and Condition III events. The safety analysis
MDNBR limit adopted for judging the acceptability of the new fuel was taken to be the same
MDBNR as obtained for the reference Westinghouse 4-loop design using the same analysis
method and assumptions. Further, to be consistent on flow rate, the core flow rate for the
reference solid fuel core was also calculated by the MATHCAD files provided by Westinghouse
using the core friction coefficient calculated by VIPRE-01. In the VIPRE-01 whole core model
of the reference solid fuel core, the hot pin was assumed to have a power peaking factor of 1.65
and other detailed specifications were similar to those of the annular fuel whole core model. The
calculated MDNBR of the reference solid fuel core was 1.576, and this value was used as the
DNBR limit for this power uprate analysis. Both calculations use effective core flow rate, i.e.,
minus core bypass of 5%.
Figure 4.51 shows the MDNBR results for various inlet coolant temperatures for Case 1 with
RCPs not changed and core power uprate to 125% of current core power. McORE, the core mass
flow rate, and Ti,,, coolant inlet temperature, were calculated by the MATHCAD files provided
by Westinghouse given the coolant outlet temperature and core power. The MDNBR results and
core pressure drop were calculated by VIPRE-01 whole core model. From Figure 4.51, the
coolant inlet temperature limit for this case is around 277 OC and 279 OC for PQN-02 and
PQN-03 respectively. At the limit, the coolant inlet temperatures are around 15 'C and 13 'C
lower than the reference core, and the hot leg temperatures (THorT) are around 8 'C and 6 "C
lower than the reference core for PQN-02 and PQN-03 respectively.
Similarly, Figure 4.52 shows the results of DNBR values for Case 1 with RCPs not changed,
but for the core power uprate to 150%. Only PQN-03 can meet the DNBR limit. At the limit, the
coolant inlet temperature would have to be lowered to around 261.5 "C, which is around 30 "C
lower than the reference case. Such a large temperature reduction does not appear to be
promising.
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Figure 4.51 MDNBR results for power uprate to 125% without RCPs replacement
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Figure 4.52 MDNBR results for power uprate to 150% without RCPs replacement
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For Case 2, the core power was uprated to 150% of current core power and the RCPs were
replaced, but their power was limited to twice that of current RCP power based on current
technology [Westinghouse, 2004]. The DNBR results (at various inlet coolant temperatures) are
shown in Figure 4.53. From Figure 4.53, the coolant inlet temperature limits for this case are
about 279 'C and 281 'C for PQN-02 and PQN-03 respectively. At the limit, the coolant inlet
temperatures are about 13 'C and 11 'C lower than the reference core and the hot leg
temperatures (THOT) are around 8 'C and 6 'C lower than the reference core for PQN-02 and
PQN-03 respectively.
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Figure 4.53 MDNBR results for power uprate to 150% with RCPs replaced and their power
doubled
In conclusion, 25% and 50% power uprates are feasible for the same RCPs and for RCPs of
double power, respectively. In both cases, core inlet and outlet temperatures are reduced leading
to lower plant efficiency, which is further reduced in case of larger pumps due to the higher RCP
power consumption. An optimization process will be necessary to find the best new RCP power
and operating parameters for this scenario. This has been performed under a separate NEPO
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project at Westinghouse and EPRI. Our preliminary calculations suggest that the 150% thermal
core power with larger RCPs and 100 C lower core inlet temperature will result in about 1% loss
of plant efficiency. Thus, a net uprate of about 45.6% will be feasible if we assume that the
reference power plant has a total thermal efficiency of 34%.
4.7 FLOW INSTABILITY ANALYSIS
Parallel non-communicating channels are more susceptible to instability phenomena than
communicating channels, thus the resistance of the annular fuel to flow instabilities needs to be
analyzed. Two major instability types - excursive (Ledinegg) instability, and density wave
oscillations - were evaluated for the 13x13 PQN-02 annular fuel design.
4.7.1 Ledinegg Instability
Ledinegg instability is important in low-pressure systems; high-pressure systems such as the
PWR are much less susceptible to this phenomenon. The susceptibility to Ledinegg instabilities
was evaluated first by calculating the operating characteristics of the inner and outer channels of
the hot fuel rod using the VIPRE-01 whole core model for a range of flow rates between 60%
and 140% at nominal power (note that nominal power and flow rate correspond to 150% power
density and flow rate of today's PWR core). The power level was kept fixed and the flow to the
hot channel was varied between 60 and 140%. The results in Figure 4.54 show that, even at a
low core flow rate of 60% and high exit equilibrium quality of 0.25 in the hot inner channel (see
Figure 4.55), no reverse trend in pressure drop (bottom of the S-shaped curve) occurs. It can also
be observed from Figure 4.56 that the MDNBR=l condition is encountered in the inner channel
for a flow rate of 77%.
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Figure 4.54 Whole core pressure drops at various core flow rates at nominal power and
pressure
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Figure 4.55 Predicted equilibrium quality in the hot inner and outer channels using the whole
core model
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Figure 4.56 MDNBR in inner and outer channels as a function of core flow rate using whole
core model
In order to illustrate the detailed operating characteristics of the hot inner and outer channels
individually, Figure 4.57 through Figure 4.59 plot the same results versus the flow rates through
these two individual channels, calculated using the whole core model. Since the flow rate in the
outer channel varies along the axial coordinate, the average value of the inlet and outlet flow
rates is used in these Figures.
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Figure 4.57 Total pressure drop as a function of channel flow rate at nominal power and
pressure
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Figure 4.58 Exit equilibrium quality in hot inner and outer channels as a function of channel
flow rate
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Figure 4.59 MDNBRs in the inner and outer channels as a function of channel flow rate
The whole core model results confirm the conclusions that Ledinegg instability is not a
problem for the cores employing annular fuel. Good stability was expected due to the high
operating system pressure.
4.7.2 Density Wave Oscillations
Density wave oscillations typically appear in systems consisting of combined sections of
single-phase and two-phase flow, such as the hot channels of a core. Density wave oscillations
depend on many factors. High inlet velocities, high system pressure, large inlet pressure losses
and large inlet subcooling increase channel resistance to density wave oscillations. Conversely,
large channel length, high heat flux and large bypass flow in parallel channels tend to destabilize
the channel [Borkowski et. al., 1993]. The coolant channels of annular fuel are relatively long
and operate at high heat flux, which favors instability. On the other hand, they possess stabilizing
factors since they operate at high inlet velocity, large inlet subcooling and high pressure. Also,
the two-phase flow section in the hot outer channel is very small (about 80cm compared to a 282
cm-long single-phase section). The inner channel remains subcooled along the whole active
length. Hence it is not expected that the inner and outer channels will be susceptible to density
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wave oscillations. This expectation is confirmed by the stability map on Figure 4.60 generated
using the simplified stability criterion of Saha et.al. [Saha et. al., 1976]. Saha recommends
construction of a stability map in an equilibrium phase change number-subcooling number space
where the equilibrium phase change number is defined as:
Pf -Pg q"PhL (4.8)
Npch,eq = P (4.8)
Pg mhfg
and the subcooling number is defined by the relation
Nsub p - pg hf -hi'  (4.9)
Pg hfg
In the above equations, p stands for density, Ph for heated perimeter, m for mass flow rate, L
for heated length, h for enthalpy and hfg for latent heat of evaporation. The subscripts g and f
denote saturated state in vapor and liquid phase, respectively. The map consists of two lines. The
first line is a line of constant phase change number obtained at zero subcooling, Npch,eq,O. This
number has been obtained using the simplified stability criterion of Ishii [Ishii, 1971]
2Kin,, + fTPL + Ke
Pf - X P = 2De (4.10)
Pg + eeq 1 fTPL +2Ke
2 2De
as
N pch,eq,O0 e,eq (4.11)
Pg
where Ki, and Ke are form losses at the channel inlet and exit, respectively; Xe,eq is channel exit
equilibrium quality and fTp is a two-phase friction factor. The two-phase friction factor was
calculated using the Homogeneous Equilibrium Model (HEM). The HEM method is
conservative for estimating the onset of density wave oscillation. [Zhao, et. al., 2005] To obtain
exit equilibrium quality at the onset of density wave oscillations, coolant conditions at the
channel inlet were set to saturation and the power into the channel (keeping the axial heat flux
profile fixed) was increased until the equality satisfying Equation 4.10 is reached. Note that
iterations are necessary since both the RHS and LHS of Equation 4.10 vary with changes in
channel power. Moreover, redistribution of mass flux in the parallel channels due to power
changes must also be considered. The outer channel was found to be the first to reach the density
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wave instability limit for zero subcooling at 185% times above the 150% uprated core (peak
linear heat rate of 210kW/m in comparison with 110kW/m at 150% power density) with exit
quality Xe,eq = 0.72, which yields Npch,eq,0= 3.5 by virtue of Equation 4.11. This number
establishes point A on the stability map, as shown in Figure 4.60.
The second line is a constant subcooling number line, established by intersection of the
equilibrium phase change number and the subcooling critical number calculated from
nonequilibrium theory [Saha et. al., 1976], i.e.,
A
Nsub,cr = 0.0022Pe A Npch,eqo, forPe < 7x10 4  (4.12)
PhL
and
A
Nb,cr =154 Npch,eq,O forPe Ž 7x10 4  (4.13)
PhL
where Pe is the Peclet number. This intersection is shown as point B in Figure 4.60. The last
point, C, is calculated as the intersection of the critical subcooling number line and Ishii's
stability criterion line, i.e.,
P- - Pf-1g (-qh, L hf -hg.Npch,eq,c subcr h h(4.14)
Pg mhfg hg )
where r is the average channel heat flux at 185% power, i.e., the power which initiates
density wave instabilities at zero subcooling. The stability map confirms that the operating point
lies deeply in the stable region.
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Figure 4.60 Simplified stability criterion for thermally induced flow oscillations in the outer
coolant channel
Because the above calculations are based on a one-rod model and overestimate the flow rate
to the hot inner channel, a more rigorous approach using a whole core VIPRE-01 model, which
incorporates cross flow effects on the pressure drop determining flow rate into inner channels,
was also used. In addition, VIPRE incorporates a variety of void fraction and pressure drop
models covering the high void fraction region, where the HEM model used in the isolated
channel model may not be appropriate.
Figure 4.61 plots outlet channel qualities (Xeit) and equilibrium-limit exit channel qualities,
defined as Equation 4.10 as (Xeit,eq) for the inner and outer subchannels of the hot channel for zero
inlet subcooling and various linear heat rates. It can be observed that as the linear heat rate
increases, the outlet quality in the outer subchannel reaches the equilibrium-limit quality faster
than the inner channel. Because mass fluxes through the hot inner and outer channels in the
whole core model are smaller than those in the one-rod channel model, the slope of the exit
quality lines is steeper andfrp is smaller, thus Xeit,eq is smaller than that from the isolated model.
As a result, the outer cooling channel is first to reach the density wave instability limit for zero
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3.5.U
subcooling at 139% times above the 150% uprated core (linear heat rate of 164 kW/m in
comparison with operating value of 118 kW/m at 150% power density) with exit quality
Xe,eq=0.6 2 , which yields Npch,eq,o= 3 .0 (see Figure 4.62) to be included as point A on the stability
map in Figure 4.63.
Finally, point C was established from the subcooling critical number per Equations 4.12 and
4.13 and Ishii's stability criterion line after Equation 4.14. The resulting stability map, including
the operating point, is shown in Figure 4.63. The whole core model results confirm that the
operating point at nominal operation for 150% power density is deeply in the stable region.
Therefore, flow instability is not an issue for the proposed annular fuel, in spite of the fact that
the inner channels are isolated and do not communicate with adjacent channels. A high system
pressure and a small channel fraction experiencing boiling, in the form of subcooled boiling with
small void fraction, are the main factors for operation far from instability line. As observed from
the analysis, MDNBR is more limiting to power increase than instabilities.
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Figure 4.61 Comparison of outlet quality and equilibrium-limit exit channel quality for zero
inlet subcooling for the inner and outer channels
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4.8 SUMMARY AND CONCLUSION
Thermal hydraulic analysis of the high power density internally and externally cooled
annular fuel was carried out to identify the most promising configuration and potential for power
uprate. A VIPRE-01 methodology for analysis of the internally and externally cooled annular
fuel using the heat generating tubes option of VIPRE-01 was developed. This served as a basis
for the analysis of whole PWR cores with annular fuel.
The whole core VIPRE-01 model was used to identify the optimum dimensions of annular
fuel rods and assembly array size. The most promising option, based on MDNBR considerations,
was found to be the 13x13 array. The 13x13 design allows a power uprate of 50% in terms of
DNBR limit, which allows 150% power to be extracted from the same core volume as the
reference solid fuel at 100% power.
The 150% power uprate requires a proportional increase of core flow rate to maintain the
same core temperature rise. Separate analyses have shown that such a large flow rate would be
acceptable from the point of view of vibration due to high rigidity of the large annular rods.
[Zhao, et. al., 2004] However, if adding more primary coolant loops is not considered, the power
requirements of the reactor circulation pumps may be too high for currently commercial pumps
and would require significant development of new pumps. Therefore, the possibility of using the
largest available pumps, with double the power of current pumps but smaller flow rate than
150%, was also explored. The 50% power uprate was found possible with this smaller pump
option at a reduced core inlet temperature by 100 C. The lower core temperatures reduce plant
efficiency by 1% giving a net power uprate of 45.6%.
Moreover, the 50% power uprate is possible at fuel peak temperatures substantially below
the reference solid fuel, reducing fission gas release and improving LOCA performance.
Five issues that affect thermal performance were also evaluated: manufacturing tolerances,
oxide growth on the surfaces, inner and outer gap conductances asymmetry, more pronounced
MDNBR sensitivity to changes of core parameter and resistance to instabilities. The effect of
industry manufacturing tolerances and of conservatively large oxide growth on MDNBR was
found to be small and did not result in MDNBR values below the limit. The large sensitivity of
MDNBR to gap conductances in the inner and outer gaps was identified as the most important
issue for annular fuel that requires further experimental investigation through irradiation
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programs. VIPAC fuel, which has high gap conductance, is relatively less sensitive to this
problem and can serve as a possible backup design to pellet fuel. Other possible solutions for the
pellet fuel can be found in the reference [Yuan, 2004]. Annular fuel is found to be more sensitive
to operating parameters, such as core flow rate, core power, core inlet temperature and systems
pressure. Because the design analyses are performed at conservative values of overpower, core
inlet temperature and flow rate, the nominal conditions result in more favorable values of DNBR.
Another words, this somewhat larger sensitivity is compensated by the larger DNBR values at
rated conditions for steady-state calculations so that DNBR requirements are met during
transients. (See Chapter 5). Finally, annular fuel is resistant to flow instabilities, such as
Ledinegg instability and density wave oscillation due to high system pressure and one-phase
flow along most of the hot channel length.
In conclusion, steady-state thermal hydraulic calculations confirmed that the annular fuel
design has the potential of achieving substantial power uprate up to 50% of the reference PWR.
Selected safety analysis for annular fuel at this uprate core power will be discussed in the
following Chapter 5.
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5. ANNULAR FUEL - SAFETY ANALYSIS
5.1 INTRODUCTION
The key results of steady-state analyses described in Chapter 4 involved identification of the
optimum geometry of the externally and internally cooled annular fuel and of the magnitude of
the uprate possible with this geometry. In the previous chapter, it has been shown that the
annular fuel can operate at 150% of the power density of current typical Westinghouse 4-loop
Pressurized Water Reactor (PWR), which is chosen as the reference design, with core flow rate
proportionally being increased with the core power to keep the core outlet coolant temperature
the same. Some conservative approaches were used in the steady-state analysis in an effort to
address the Condition I and Condition II accidents. The goal of this chapter is to verify that the
new annular fuel design performs satisfactorily (exhibits the same or better response than the
reference solid pin fuel and does not exceeds prescribed safety limits) in selected incidents and
limiting fault events.
Even at the conceptual stage of the annular fuel design, it was envisaged that the annular fuel
rods should result in a superior safety performance compared to the solid fuel rods. This is
primarily because of the enhanced surface area per unit volume that the annular geometry
provides. This was expected to provide significant margin gains in 'Departure from Nucleate
Boiling Ratio' (DNBR), which is an important safety parameter. In addition, very low fuel
temperatures of annular fuel result in small stored energy and better expected LOCA
performance. Quantitative analysis of a few accidents is needed for the safety performance of the
annular fuel design to be confirmed.
A qualitative evaluation was conducted in order to determine the possible impact of annular
fuel rods on the FSAR accidents and transients for a typical Westinghouse 4-loop PWR. The
study [Kazimi, et. al., 2002b] assumed that the annular fuel rods could be operated at the same as
well as higher overall core power levels as the current PWRs. All events described in a typical
FSAR Chapter 15 were evaluated to identify the transients and/or accidents that would need a
more.detailed quantitative evaluation.
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The main events identified for detailed quantitative evaluation in this chapter were
Loss-of-coolant Accidents (LOCAs) and Loss of Flow Accident (LOFA). Other events including
Main Steam Line Breaks (MSLBs) and Rod Ejection accidents were performed by collaborators
of this project at Framatome ANP (formerly Duke Engineering Service) and their results were
incorporated in the report [Kazimi, 2004].
For LOCAs, the issue is whether the inner and outer channels could support sufficient steam
flow and reflood thermal-hydraulics such that the acceptance criteria could be met.
The complete loss of primary flow or loss-of-flow accident (LOFA) was included for
quantitative assessment because the minimum DNBR (MDNBR) was found to be more sensitive
to core flow rate and core inlet temperature for the annular fuel in comparison to the solid fuel,
as shown in Chapter 4.
This chapter summarizes the results of selected safety analyses of a typical 4-loop
Westinghouse PWR with annular fueled cores, specifically the Loss of Flow Accident (LOFA),
and the Large Break Loss of Coolant Accident (LBLOCA).
5.2 PLANT MODELS AND STEADY STATES
A typical 4-loop Westinghouse PWR with core power of 3411 MWt has been selected as the
reference plant. Three plant RELAP models were developed to analyze the LOFA and
LBLOCA. These are:
1. Reference plant with solid fuel at 100% power
2. Reference plant loaded with annular fuel at 100% power
3. Modified plant loaded with annular fuel at 150% power.
The standard Westinghouse 17x17 fuel assemblies were assumed for the reference case with
solid fuel at 100% power. For the annular fuels, 13x13 fuel array having the same overall
assembly dimension as the solid fuel assembly were used. Figure 5.1 shows the general
arrangement of both the solid and annular fuel assemblies and Table 1 shows the important fuel
rod dimensions.
In Table 5.1, for the 13x13 annular fuel design, in the first subscripts, c and f stand for
cladding and fuel, respectively; in the second subscript, i and o designate inner cladding and
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outer cladding or inner and outer diameters of the fuel ring, respectively; and in the third
subscript, i and o denote the inner diameter and outer diameter of the claddings (i=inner,
o=outer). The dimensions of the reference solid fuel pin are also shown.
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Figure 5.1 General arrangement of solid fuel assembly (Left) and annular fuel assembly (Right)
Table 5.1 Dimensions (cm) of annular fuel 13x13 design and reference solid fuel
The RELAP5-3D code [2003], as well as its derivative, MARS [Lee, et. al., 2002] (used for
the LOFA analysis only), was the primary vehicle for conducting the analyses presented in this
chapter. The input model for the reference case with solid fuel was developed first. The model
was then modified to incorporate the annular fuel.
5.2.1 Model for Solid Fuel
The RELAP5-3D model of the reference Westinghouse 4-loop plant with solid fuel was
developed from an USNRC reference model for SBLOCA. The primary system nodalization is
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shown in Figure 5.2 [Kazimi, 2002b]. The affected loop (for LOCA and MSLB) is modeled
separately as shown on the left hand side of the figure, whereas the remaining three intact or
unaffected loops are lumped together as shown on the right hand side of the figure.
Broken Loop Intact Loop (Lumped)
Figure 5.2 Primary system nodalization for the reference 4-Loop PWR
The following modifications to the original USNRC system nodalization were introduced:
a) Split downcomer for ECC bypass and penetration:
Two downcomer channels representing a broken-side and a lumped intact-side
downcomer annulus.
Cross flow junctions with a loss coefficient of 50.0 were applied for lateral flow
between the downcomer channels based on previous assessments to simulate the ECC
bypass and penetration during a LBLOCA.
b) Fuel and core:
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Two flow channels, one representing a core-average (192 fuel assemblies) channel and
the other a hot (1 fuel assembly) channel, having cross flow junctions for lateral flow
between the channels.
Single hot rod is embedded in the hot channel together with the hot assembly rods,
Core bypass channel is modified to represent the physical geometry.
Table 5.2 shows the important parameters used in the core and fuel modeling. It is assumed
that the initial core power is at 102% of full power and the total peaking is 2.558 with axial
power profile of 1.55 chopped cosine. The ANS73 standard [1973] value multiplied by 1.2 is
used for the core decay heat model after reactor trip for conservatism.
Table 5.2 Important parameters used for core and fuel modeling
Parameters Models
Initial Power 3479.22 MWth (102% Ref. Power)
Transient Power
- Decay Heat ANS73*1.2
- Kinetics and Trip Reactivity Conservative
Core & Fuel Modeling
- # of Axial Nodes 16
- Core Flow Channels Average (192 FA) and Hot (1 FA)
- Total Peaking 2.558 (q peak = 47.75 kW/m)
Axial Power Distribution 1.55 Chopped Cosine
Hot Assembly Peaking 1.587
Hot Pin Radial Peaking 1.65 (embedded in hot channel)
- Direct Heating 0.0%
- Gap Conductance Constant
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Table 5.3 Steady-state initialization
Parameters Desired* Simulated
Core Power (MWth) 3479.22 3479.22
Pressurizer Pressure (bar) 155.1 155.1
Cold Leg Temperature (K) 564.85 566.61
Hot Leg Temperature (K) 599.25 598.72
Total Loop Flow (kg/s) 18630.0 18633.0
Effective Core Flow (kg/s) 17700.0 17779.1
Bypass Flow Fraction (%) 5.0 4.74
SG Secondary Pressure (bar) 58.0 61.3
*Desired Condition are based on a typical 4-Loop PWR
Using the above models, steady-state initial conditions were obtained through simulations as
shown in Table 5.3. Good agreement is achieved in comparison with the desired values.
5.2.2 Annular Fuel (100% and 150% power)
For the annular fuel with 100% power, only the reactor core model was modified such that
each fuel assembly channel was divided into two flow channels representing the inner and outer
flow paths of the annular fuel. Thus, the core is modeled by 4 cooling channels (inner and outer
for the hot and the average channels). Figure 5.3 shows the nodalization in the reactor core. The
outer channels employ junctions to allow for cross flow between the outer channels, while the
inner channels are non-communicating. Flow areas of the annular fuel channels were weighted
based on the geometric volume ratio.
An annular fuel rod was modeled by radially subdividing it into 12 rings which represent the
inner cladding (2 rings), the inner gap (1 ring), the fuel pellet (6 rings), the outer gap (1 ring) and
the outer cladding (2 rings). Convective heat transfer boundary conditions were imposed on both
the inner and outer cladding surfaces. However, since the code did not have the capability to
model dynamic gap conductance of two gaps, i.e., the inner and outer gaps in a fuel rod, the gap
conductance of both gaps were assumed equal and maintained constant in all analyses. It should
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be noted that the solid fuel model also incorporated the same constant gap conductance for
consistent comparison between the two fuels.
Figure 5.3 Core nodalization for the annular fuel model
Table 5.4 Steady-state results with annular fuel at 100% power
Parameters Desired Simulated
Core Power (MWth) 3479.2 3479.22
Pressurizer Pressure (bar) 155.1 155.1
Cold Leg Temperature (K) 564.85 566.67
Hot Leg Temperature (K) 599.25 598.40
Total Loop Flow (kg/s) 18630.0 18862.0
Effective Core Flow (kg/s) 17700.0 18030.9
Bypass Flow Fraction (%) 5.0 4.41
SG Secondary Pressure (bar) 58.0 61.3
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Figure 5.4 Comparison of steady-state peak fuel temperature distribution in solid fuel and
annular fuel (both at 100% power)
With these models, the steady state conditions were initialized and they were in good
agreement with the desired conditions as shown in Table 5.4. Figure 5.4 shows a comparison of
the initial temperature distribution of the annular fuel with solid fuel (both for 100% power). It
should be noted that the average fuel temperature of the annular fuel is substantially lower than
that of the solid fuel. This, in turn, will result in a lower cladding temperature during the
transients including the LBLOCA blowdown phase in which the cladding heats up due to
redistribution of the initial stored energy in the fuel.
For the annular fuel with 150% power, the following additional changes were made to the
above annular fuel model (100% power):
a) The core power was increased to 150% of the reference value without changing the fuel
geometry or the number of fuel assemblies. The decay heat was also proportionally
increased.
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b) The mass flow rate and speed of the reactor coolant pumps (RCP) were increased to
150% of reference value and the rated head of the pumps was increased to twice the
reference value in an effort to achieve 150% of the reference core flow rate. However, the
cold and hot leg diameters were kept the same.
c) The volume of the steam generator was increased to 150% of reference value in order to
transfer 150% power to the secondary loop. This was realized by increasing the heat
transfer surface and the cross section of the steam generators by 50%, but keeping the
same height as the reference case.
d) The safety injection flow rate was increased in order to remove the larger decay heat load
in case of an accident.
Table 5.5 shows the steady-state results as calculated by RELAP5-3D for the annular fuel
core operating at 100% and 150% powers. The results show that the desired steady-state
conditions were achieved with about the same coolant temperature rise for both power levels.
Table 5.5 Calculated steady-state coolant parameters for annular fuel cores
100% 150%
Parameters
power power
Core Power (MWth) 3479.2 5218.8
Cold Leg Temperature (K) 566.7 567.3
Hot leg Temperature (K) 598.4 598.0
Core Flow Rate (kg/s) 18862.0 29475.0
Core Flow Rate Ratio 1.0 1.56
5.3 Loss OF FLOW ACCIDENT (LOFA)
The complete loss of primary flow or loss-of-flow accident (LOFA) is a Condition III
accident. All the reactor coolant pumps (RCPs) are assumed to trip due to under-voltage or
under-frequency of the power supply buses. Loss of driving force of the RCPs flow in the
primary loops slows down .-the pumps due to flow resistances.
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The pump speed is determined by the flow resistances and the inertia of the moving coolant
and the RCPs. A reactor trip signal is generated when the core coolant flow rate reaches 87% of
normal value. Reactor trip is assumed to have 1 second delay after the trip signal is generated.
The minimum departure of nucleate boiling ratio (MDNBR) in the core typically reaches the
minimum value right before the time at which core power starts to decrease exponentially due to
reactor shut down while the core flow rate is at 87% normal value. The turbine is assumed to trip
at the same time as the reactor trip and the main steam valve to be closed with 2 second delay.
The acceptance criteria for LOFA are minimum DNBR >1 and reactor coolant pressure limit.
Two cases will be discussed in this section. The case with power and core flow rate both
uprated to 150% reference value will be analyzed first. As discussed in the previous chapter that
because of the limitations from the reactor coolant pumping power, if adding more loops in not
considered, to have a 50% core flow rate increase requires changing the core inlet temperature.
LOFA analysis for the case that the pumping power is limited to twice of the reference value will
be discussed in the second part of this section.
5.3.1 Systems (MARS) and MDNBR (VIPRE) Calculations at 150% Core
Flow Rate
The sequence of loss of flow accident is discussed in Section 5.3. Figure 5.5 shows the
system pressure, reactor power and the core flow rate results during the transient calculated by
MARS [Lee et al., 2002] - a Korean version of RELAP5. The same parameters of the solid fuel
core at 100% power during the same transient are also shown for comparison. The annular fuel at
150% power model reached the 87% normal core flow rate value around 1 second later than the
solid fuel at 100% power during the transient, causing 1 second delay of the reactor shut-down.
Slower coastdown during the transient of the annular fuel at 150% power is because of SG
enlargement as the number of tubes was increased by 50% and thus the flow resistance was
somewhat lowered and flow inertia term was increased.
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Figure 5.5 Primary pressure, core flow rate and core power during LOFA
The above RELAP5 results were used as the boundary conditions for transient Minimum
DNBR calculations using VIPRE-01 whole core model. This coupled transient calculation
provides more detailed thermal-hydraulic results in the core since the VIPRE-01 whole core
model of annular fuel had many (49) sub-channels. More details on VIPRE-01 whole core model
of annular core were given in Chapter 4. The MDNBR results calculated by the VIPRE-01 whole
core model for solid fuel (100% power) and the annular fuel at 150% power are compared in
Figure 5.6.
It should be noted that at time zero, i.e., at nominal steady state conditions, the annular fuel
design uprated to 150% power has significantly higher MDNBR than that of the reference solid
fuel at 100% power. The steady state analyses in Chapter 4, which were performed at overpower
conditions (18% overpower, 2 'C increased coolant inlet temperature), showed similar MDNBRs
for the uprated annular fuel and the reference solid fuel. The larger MDNBR of annular fuel at
nominal conditions is due to its larger sensitivity to core power and coolant temperature than
solid fuel (See discussions in Chapter 4).
After time zero, all the RCPs trip, and the coolant velocity decreases. MDNBR values of the
annular fuel decrease faster than that of the reference-solid fuel design mainly due to its larger
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sensitivity to coolant flow rate. MDNBR results reach a minimum value when the reactor power
starts to decrease due to reactor shut-down at low core flow rate (87% of normal value). The
minimum values of MDNBR for both designs are well above 1.3 and the annular fuel even at
150% power has a slightly larger margin. After reaching the minimum value, MDNBRs start to
increase and the MDNBR results of the annular fuel increase much faster than those of the solid
fuel. This is because the annular fuel has much lower fuel temperature, thus much smaller stored
energy release after shut-down.
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Figure 5.6 Comparison of MDNBR of annular fuel at 150% power vs. the solid fuel at 100%
power during LOFA
5.3.2 LOFA Analysis of Power Uprate Considering Limitations from Pumping
Power
Annular fuel at 150% and proportionally increased flow rate requires reactor coolant pumps
to provide a 2.25 (1.52) larger head and the pump motors to have a 3.375 (1.53) larger pumping
power. Westinghouse has recommended that the pump motor power increase should be limited
to 2 times of current value. Chapter 4 (Section 4.6) has shown that annular fuel 150% power
uprate can be achieved, at the same DNBR margin as the reference solid fuel core, using RCPs
with pump motor power 2 times of current value, if coolant temperaiture is lowered by around 8'
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'C, sacrificing some plant efficiency 2. The analysis was based on steady-state VIPRE-01
calculations with core parameters exaggerated to cover condition II and III transients. A
RELAP5 model of the primary loops for this scenario with limited pump uprate was set up and
steady-state results calculated by MARS are shown in Table 5.6.
Table 5.6 RELAP5 model steady-state results
Core flow
Coolant inlet Coolant outlet Core flow (normalized totemperature temperature rate reference
(oC) (oC) (kg/s) value)
Case 1" 294.17 324.81 29475 1.578Annular fuel
Case 2** 287.62 323.3 25798 1.381Annular fuel
Solid fuel 293.28 325.46 18682 1.0(reference)
*Annular fuel power uprate to 150% by proportionally increasing the core flow rate. In
MARS model, pump speed increased to 1.5 times, rated flow increased to 1.5 times, rated
head increase to 1.51", rated pump motor power will be increased by 3.11.
**Annular fuel power uprate to 150% using realistic pump motor power. In MARS model,
pump speed increased to 1.3 times, rated flow increased to 1.3, rated head increased
to 2/1.3 = 1.538, rated pump motor power is doubled.
In the RELAP5 model, reactor coolant pump speed was increased by 50%. Pump rated flow
was increased by 30%. Since the pumping power will be doubled, the rated head will be 1.538
times the current value, which is calculated by dividing the doubled pumping power by the 1.3
rated flow. If using the same impeller as now used when the pump speed is increased 1.5 times,
the head would be increased by a factor of 1.52 = 2.25, and the flow would be increased 1.5
times, resulting in a 1.53 = 3.375 times larger pumping power. So, the impeller diameter would
be probably decreased by 30% to get the correct tip speed, thus the volume of the impeller (area
x height) would be decreased by around 50%. This smaller impeller would probably have a
steeper head vs. flow curve than the current one (it would be more sensitive to the discharge
head). Since this curve is not available now, the curve of the currently used pump was applied in
2 Increasing the number of loops was not considered
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the RELAP5 model of the present analysis. (It is noted that newer pumps may require larger
flywheel mass to achieve similar coastdown rate)
Pressure and temperature in the secondary side of the steam generator will be lower since the
primary coolant temperature will be lower. Lowering the Main feed water temperature from
220.3 °C to 210.3 oC and secondary steam pressure from 6.19MPa to 5.65MPa, the RELAP5
model calculated the steady-state results for this scenario as shown in Table 5.6, Case 2.
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Figure 5.7 Core parameters during the transient (Case 2)
Figure 5.7 shows the core parameters, i.e. system pressure, coolant inlet temperature, core
flow rate and reactor power of Case 2 during the LOFA transient calculated by MARS. The
values are normalized to the initial values (steady-state values) which are shown in Table 5.6.
These values for Case I and the reference solid case are shown in Figure 5.5.
Figure 5.8 plots the DNBR results during the LOFA transient for all three cases. Comparing
Case 1 and Case 2, Case 2 initially has a lower coolant temperature and smaller core flow rate,
and the initial (normal operation condition) DNBRs are lower than those of Case 1. After time 0,
all the RCPs trip and coolant velocity decreases. DNBR results reach a minimum value when the
reactor power starts to decrease due to reactor shut-down at low core flow rate (87% of normal
value) after around 4 seconds. The minimum values are well above 1.3 and Case 1 has slightly
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larger margin than Case 2. After reaching the minimum value, DNBRs start to increase. In both
cases, MDNBR remains above that of the solid reference fuel. These results also confirm that the
approach of using 18% overpower for steady state analyses is appropriate.
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Figure 5.8 Comparison of DNBR results of annular fuel at 150% power of Case 1 and Case 2,
and reference solid fuel at nominal power during loss of flow accident (LOFA)
5.4 LARGE BREAK Loss OF COOLANT ACCIDENT (LBLOCA)
A large break loss of coolant accident (LBLOCA) is the result of a double-ended guillotine
pipe rupture of the reactor primary coolant system. It is classified as a Condition IV event, a
limiting fault and it forms the design basis for the emergency core cooling system (ECCS).
A 200% break is assumed in the cold leg of one of the primary loops. This causes rapid
depressurization of the primary system and the reactor trips at a low primary pressure signal. The
reactor trip also causes turbine and main feedwater pump trips. At a certain set pressure, the
intact leg accumulator starts injection of the emergency cooling water into the downcomer of the
reactor pressure vessel. The safety injection and the auxiliary feedwater injection also begin after
some time delay. A locked rotor condition is conservatively assumed for the reactor coolant
pumps at the initiation of the break. The main purpose of the calculation is to determine if the
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peak cladding temperature in the reactor core would remain below the present regulatory limit of
22000 F (12040 C).
5.4.1 Assumptions and Boundary Conditions
For all three cases, i.e., the solid fuel - 100% power, annular fuel - 100% power and the
uprated annular fuel - 150% power, a double-ended cold leg break was modeled by opening two
break junctions to containment from the outlet of volume 212 and inlet of volume 214, as shown
in Figure 5.2. The containment back-pressure, initially at 1 bar, was modeled to vary as shown in
Figure 5.9 during the transient. This pressure represents 90% of the value of the containment
minimum pressure used in the reference Final Safety Analysis Report (FSAR) of a typical
Westinghouse PWR (Seabrook) for the double-ended cold leg break with discharge coefficient of
0.6.
50 100 150
Time (sec)
Figure 5.9 Containment back pressure used during LBLOCA analyses
The emergency core cooling (ECC) safety injections from the accumulator and the pumped
system were modeled. For conservatism, no credit was taken for the safety injection into the
broken loop; thus the safety injections were provided only to the intact loops. Conservative
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boundary conditions as shown in Table 5.7 and Figure 5.10 based on the reference FSAR and
USNRC model were used for the 100% power cases for both the solid and the annular fuels.
Table 5.7 Safety systems modeling
Systems Models
Accumulator
- Initial Pressure 41.37 bars
- Initial Temperature 37.8 0C
- Initial Liquid Volume 23.12 m3/Acc
- Transient Flow dynamic Model
Pumped Injection
- Temperature 37.8 OC
- Transient Flow conservative boundary
10 100
Pressure (bar)
Figure 5.10 Pumped safety injection flow models
For the case of uprated annular fuel (150% power), several options were evaluated to identify
the optimum accumulator size and the SI flow rate that can accommodate 50% higher power.
Major options calculated include:
1. 150% accumulator and 100% SI
2. 100% accumulator and 150% SI
3. 150% accumulator and 150% SI
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Table 5.8 Parameters for transient modeling of plant protection and control systems
Systems Setpoint Delay (sec)
Reactor Trip Signal - Low PZR P 134.15 bar 2.0
Turbine Trip Signal - Rx Trip 134.15 bar 2.0
TBN Stop Valve Closing Time 0.2 sec
Main Feedwater Trip Signal - Rx Trip 134.15 bar 2.0
Main Feedwater Valve Closing Time 5.0 sec
Safety Injection Signal - Low PZR P 128.7 bar 27.0
Aux. Feedwater Actuation - SI 128.7 bar 10.0
Reactor Coolant Pump Locked Rotor LBLOCA 0.0
PZR: Pressurizer, Rx: Reactor, TBN: Turbine
The parameters used for transient modeling of the plant protection and control systems are
listed in Table 5.8. These data were selected from the typical PWR data. A locked rotor
condition was conservatively assumed for the reactor coolant pumps at the initiation of the break.
Additional modifications to the original USNRC model involve the following:
* Hydraulic diameters for junction inter-phase drag calculations
* Rod bundle inter-phase friction calculations at core and steam generators
* Use of piping roughness based on plant data:
> Reactor vessel and reactor coolant system piping: 10-4 (m)
> Fuel and steam generator tube outside: 10-6 (m)
> Steam generator tube inside: 1.5x10 -6 (m)
* Cross-flow at cold and hot leg junctions to and from reactor vessel,
* A common flow header in the safety injection line upstream of the cold leg in order to
prevent sudden injection of accumulator non-condensable gas into the system.
The LBLOCA transient was initiated at time zero. The Henry-Fauske critical flow model was
used for the flow through the break. The reflood model with fine-mesh rezoning scheme was
turned on when the core pressure decreased below 10 bars.
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5.4.2 LBLOCA Results for the Reference Core at 100% Nominal Power
The results of the best estimate LBLOCA analysis using RELAP5-3D [2003] for the
reference solid fuel for 100% power are presented in Figures 5.11 through 5.14. Figure 5.11
shows the solid fuel cladding temperatures at 6 different axial nodes of the hot pin. Figure 5.12
shows the flow through the break, Figure 5.13 depicts collapsed water levels in the reactor core
and the downcomer, and finally Figure 5.14 shows the accumulator and pumped safety injection
flow rates as a function of time. It can be observed that the blowdown peak cladding temperature
(PCT) and reflood PCT (1000K (2.15 sec, node 9/16) and 1048K (124.5 sec, node 11/16),
respectively}, have sufficient margin to the regulatory limit of 1473K. Reasonable cladding
temperature development can be observed showing typical blowdown peak temperature, more
gradual cladding heat up, then quenching. Also, the development of all other plotted parameters
proceeds in time as expected. The results of the reference LBLOCA analysis will serve as a base
case for comparison with the LBLOCA behavior of the core having annular fuel.
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Figure 5.11 Hot pin cladding temperature during LBLOCA (Solid Fuel - 100% Power)
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Figure 5.12 Break flow rate during LBLOCA (Solid Fuel - 100% Power)
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Figure 5.13 Core and downcomer water levels during LBLOCA (Solid Fuel - 100% Power)
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Figure 5.14 Safety injection flow rates during LBLOCA (Solid Fuel - 100% Power)
5.4.3 LBLOCA Results for Annular Fuel at 150% Power with Various Safety
System Capacities
With core power uprate to 150% of reference value, preliminary estimation for the safety
systems would be that these systems should also be enlarged to 150%, as decay heat is
proportionally increased with power. The fuel temperature of the annular fuel is lower than that
of the reference solid fuel, even with power uprate to 150%, thus the blowdown peak cladding
temperature (PCT) for the annular fuel would be lower than that of the reference solid fuel
during the LOCA. The reflood PCT will be largely determined through competition between the
higher decay heat rate and the larger cooling surface of the annular fuel for transfer of that heat.
Several scenarios with various capacities of safety injection (SI) and the accumulator were
analyzed to find the desirable safety system design when the core power is increased to 150% for
the annular fuel.
Three scenarios were calculated using the model:
i. Case 1, 150% accumulator and 100% SI
ii. Case 2, 100% accumulator and 150% SI .
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iii. Case 3, 150% accumulator and 150% SI
Selected important results of Case 1 are shown in Figure 5.15 through Figure 5.20.
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Figure 5.15 Flow rates from the safety systems (Case 1)
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Figure 5.16 Water level in vessel (Case 1)
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Figure 5.17 Coolant inventory in primary system and vessel (Case 1)
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Figure 5.18 Inner cladding surface temperature of the hot rod (Case 1)
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Select important results of Case 2 are shown in Figure 5.21 through Figure 5.26.
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Figure 5.21 Flow rates from the safety systems (Case 2)
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Figure 5.22 Water level in vessel (Case 2)
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Figure 5.23 Coolant inventory in primary system and vessel (Case 2)
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Figure 5.24 Inner cladding surface temperature of the hot rod (Case 2)
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Figure 5.26 Void fraction in the down-comer (Case 2)
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Select important results of Case 3 are shown in Figure 5.27 to through Figure 5.32.
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Figure 5.27 Flow rates from the safety systems (Case 3)
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Figure 5.28 Water level in vessel (Case 3)
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Figure 5.29 Coolant inventory in primary system and vessel (Case 3)
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Figure 5.30 Inner cladding surface temperature of the hot rod (Case 3)
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Figure 5.31 Outer cladding surface temperature of the hot rod (Case 3)
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Figure 5.32 Void fraction in the down-comer (Case 3)
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5.4.4 Discussions on Safety System Capacity Based on the LBLOCA Results
We will now examine the LBLOCA results for the annular fuel at an uprated 150% power
condition with the various options regarding the accumulator size and pumped SI flow were that
considered for the uprated condition. Both inner and outer peak cladding surface temperature
traces of various cases at 150% power for all the three cases are plotted in Figure 5.33.
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Figure 5.33 Peak cladding surface temperatures (both inner and outer) for annular fuel (150%
Power) with various accumulator sizes and pumped SI flow rates
It can be seen from Figure 5.33 that the inner and outer cladding surface temperature traces
are closely matched. The annular fuel has thin fuel thickness so that the temperature difference
between the inner and outer surfaces is small. It is also shown in the figure that the blowdown
peak temperatures are nearly equal for all the cases. After around 50 seconds, the temperature of
the case with 100% accumulator reaches a little higher value than those of the other two cases
with 150% accumulator. This is because the cold coolant from the larger accumulators depresses
the temperature rise. However, the effect of larger accumulator lasts only for a short time and
does not affect the reflood PCT. As expected, the pumped SI flow rate plays an important role in
the cladding temperature behavior during the reflood phase of the accident. Even though the
peak temperatures are below the safety limit of 1473K (1200'C) for all three cases, it can be
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observed that the case with 100% SI yields higher reflood peak temperature, and lasts at high
values much longer before quenching. As for the two cases with 150% SI, they have almost the
same PCT, except that the case with 150% accumulator size quenches a little earlier than the
case with 100% accumulator size. Both of them are regarded acceptable. With consideration of
cost saving, the 100% accumulator size is more desirable. Therefore, SI at 150% capacity and the
same accumulator size (100% capacity) were selected for the 150% rated core loaded with the
annular fuel.
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Figure 5.34 Comparison of peak cladding surface temperatures for solid fuel at 100% power
and annular fuel at 100% and 150% Powers
Peak cladding temperatures for the reference solid fuel, annular fuel at 100% power and
annular fuel at 150% power with 150% SI and 100% accumulator capacity are compared in
Figure 5.34. It can be seen that although the annular fuel at 150% power produces higher peak
cladding temperature than the reference solid fuel at 100% power, it remains well below the
1473K limit. It should be noted that the RELAP5-3D does not have the capability of applying the
reflood model on both "left" and "right" boundaries (in annular fuel, these two boundaries refer
to the inner and outer cooling surfaces of the annular fuel rod) of a heat structure. It only has the
capability of applying the reflood model on one boundary. For the calculation results shown
above, the reflood model is applied on the outer cooling surface. If the reflood model is applied
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on the inner cooling surface only, the PCT for the 150% annular fuel case is also shown in
Figure 5.34 for comparison. The peak cladding temperature calculated by RELAP-3D with
reflood model applied in the inner channel is lower by about 100 oC than when the reflood model
is applied in the outer channel. Since the temperatures of the inner and outer surfaces are very
close, it is expected that the actual temperatures for the case of reflood model application on both
surfaces, the temperatures will follow the trend for the inner reflooding, i.e., temperature of outer
channel will be close to that of the inner channel which floods first. The reason for earlier
reflooding of the inner channel is the absence of local pressure losses of the grids and its larger
hydraulic diameter. Further calculations with refood model applied in both the inner and outer
channels are needed to confirm this expectation. This will require RELAP5 reflood model
update.
As expected, the annular fuel at 100% power yields lower peak cladding temperature than the
solid fuel at 100% power. It can be also noted that the first peak cladding temperature during the
blowdown phase no longer exists for the annular fuel, even at 150% power. This is due to very
low annular fuel temperature, and thus low stored energy.
5.5 SUMMARY AND CONCLUSIONS
Safety analyses for a typical Westinghouse 4-loop PWR were carried out for the reference
solid fuel at 100% power, the annular fuel at 100% power and the annular fuel at 150% power.
Two representative transients, the Loss of Flow Accident (LOFA) and the Large Break Loss of
Coolant Accident (LBLOCA) are discussed in this Chapter. Other Transients including Main
Steam Line Break (MSLB) and Rod Ejection Accident (REA) can be found in [Kazimi et. al.,
2004]. The analyses were run using slightly different versions of the RELAP5 code. However,
the same version of the code was used for a particular transient for both the solid and annular
fuels so that the differences in the results are code-independent. In other words, the differences in
the results for a particular transient reflect the differences due to the fuel type - solid vs. annular
- and due to the differences in power - 100% vs. 150% for the annular fuel.
For the cases of LOFA, the VIPRE code was used to calculate the minimum DNBR based on
the RELAP5 results. It has been found that the minimum DNBR for the annular fuel at 150%
power xnever dropped below the minimum DNBR value for the reference solid fuel at 100%
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power for LOFA. This was also found to be true for the accident of Main Steam Line Break
(MSLB) [Kazimi et. al., 2004]. This is a significant achievement for the annular fuel over the
standard solid fuel.
For LBLOCA analysis with annular fuel at 150% power, various options for the accumulator
sizes and the safety injection flow rates were studied. It has been found that for LBLOCA, the
peak cladding temperature (PCT) for the annular fuel at 150% power would be no more than
12000 K (927°C) using the standard size (100%) accumulator but increasing the safety injection
flow rate to 150%. This temperature (927 0C) is about 150 0C higher than the PCT for the solid
fuel at 100% power, but about 2770 C lower than the regulatory limit of 12040C. The reflood
PCT for the annular fuel may be over-predicted because of the limited capability of RELAP5-3D
that reflood model is only applied on the outer surface of the annular fuel rod. If the reflood
model is applied on the inner channel, the peak cladding temperature would be limited to
1100'K. There is a need for developing a more powerful safety analysis code that has the
capability to apply reflood models on both "left" and "right" boundaries for heat structures so
that annular fuel can be better modeled in LBLOCA analyses, especially during the reflood
phase.
It was also found that the calculated fuel temperatures during the REA are much smaller for
the annular fuel, even at 150% power, compared to that for the solid fuel at 100% power.
[Kazimi et. al., 2004] This is mainly because fuel temperature and the stored energy for the
annular fuel at 150% power are significantly less than that for the solid fuel at 100% power.
In conclusion, the analyses have confirmed that the new internally and externally cooled
annular fuel can accommodate 50% power uprate in a PWR and still maintain adequate safety
margins for a variety of transients and accidents including LOFA, MSLB, LBLOCA and REA.
6. ANNULAR FUEL - HEXAGONAL LATTICES
Currently, a significant number of PWRs with hexagonal lattice, designated VVERs, operate
in Russia and Eastern and Central Europe. Western fuel manufacturers offer and supply fuel for
these reactors. VVER is the Russian edition of PWR with a triangular lattice assembly design.
Recently, Westinghouse performed modernization of I&C and core design of VVER 1000 at
Temelin, Czech Republic, and supplied fuel designated VVANTAGE 6. Temelin core data with
VVANTAGE 6 [Gavrilas et. al., 2001] fuel were used as a reference design for this evaluation.
VVER 1000 core characteristics are compared with those of a typical Westinghouse 4-loop PWR
in Table 6.1. First, the whole core VIPRE-01 model of the VVER 1000 core with solid fuel was
developed to serve as a reference. Later on, annular fuel application to PWR with this triangular
lattice is analyzed.
Table 6.1 VVER 1000 versus Westinghouse 4-loop PWR core data
VVER 1000 WESTINGHOUSE
Parameters VVANTAGE6 4-LOOP
Thermal output 3,000MW 3,411MW
Number of fuel assemblies 163 193
Number of fuel rods/fuel assembly 312 264
Fuel active height 3,630mm 3,660mm
Diameter of guide thimble tube 12.6mm 12.243mm
Diameter of fuel rod 9.144mm 9.5mm
Fuel rod pitch 12.75mm 12.6mm
Fuel assembly pitch 236mm 215mm
Nominal pressure 15.7MPa 15.51MPa
Inlet temperature 288.11 0C 292.70C
Effective mass flux 16,043 kg/s 17,700 kg/s
Average mass flux 3,878.8 kg/m /s 3,729 kg/m /s
6.1 DESCRIPTION OF VIPRE-01 WHOLE CORE MODEL OF SOLID
FUEL FOR HEXAGONAL LATTICE
The VVER 1000 core has been selected as a reference core for the fuel in a hexagonal lattice
layout. The hot assembly of VVER 1000 was assumed to have a radial power peaking factor of
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1.63 and the hot rod to have a radial power peaking factor of 1.65. The hot assembly was moved
to the center of the core and surrounded by assemblies with the same power to minimize mixing
between the sub-channels in these assemblies and obtain conservative DNBR results. It is also
assumed that the hot rod is at the center of the hot assembly. Powers of the fuel assemblies of the
core periphery were adjusted to maintain correct normalization. Details of the VIPRE-01 model
can be found in Table 6.2. The whole core VIPRE-01 model for VVER was developed based on
the numbering schemes shown in Figure 6.1 and Figure 6.2. Note that the sub-channels around
the hot rod are treated as individual channels while those several pitch lengths away from the hot
rod or the hot sub-channel are lumped gradually into larger size channels.
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Figure 6.1 Numbering of channels in the hot assembly (1/6)
Table 6.2 Summary of the VIPRE-01 model of VVER 1000 with solid fuel
Parameter Specification
Model Whole core model with lumped sub-channels
Model region 1/6 core, full axial length
Fuel rod outer diameter 0.9144cm
Guide tube outer diameter 1.26 cm
Rod Pitch 1.275 cm
Assembly Pitch 23.6 cm
Number of channels 30 channels - see Figure 6.1 & Figure 6.2
Number of rods 21 rods
Axial power profile Chopped cosine, peak-to-average ratio = 1.55
Hot rod power peaking factor 1.635
Reactor power 118% reference power (4024.98 MWth)
Power deposited directly in coolant 0.0%
Core mass flow rate 95% reference core flow rate (16,815 kg/s)
Core inlet temperature Reference temperature increased by 20 C
(294.70C)
Cross flow resistance coefficient KG = 7.33 Re-u'2
Turbulent mixing model l= 0.0
Turbulent momentum factor FTM= 0
Axial friction coefficient for turbulent fax = 0.32 Re-0'25
flow
Form loss coefficient for mixing vane 0.6
grids in outer channels
Inlet and outlet form loss coefficient 0.4 for inlet and 1.0 for outlet
CHF correlations for outer channels W-3L, grid mixing factor 0.043, grid spacing
factor 0.066, grid factor leading coefficient
0.986
Void correlation EPRI void model for subcooled void,
Zuber-Findlay drift flux equation with
coefficients developed for the EPRI void
model for bulk void/quality correlation,
Columbia/EPRI correlation for two-phase
friction multiplier
Heat transfer correlation Dittus-Boelter for single-phase flow, Thom
correlation plus single-phase correlation for
subcooled and saturated nuclear boiling
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Figure 6.2 Channel number in the core (1/6)
To compare hexagonal and square lattices at the same conditions, the operating parameters
of the VVER 1000 were adjusted to correspond to those of the PWR, i.e., the same inlet and
outlet temperatures. The core power and core flow rates were taken the same as those of
Westinghouse 4-loop PWR as shown in Table 6.3.
The MDNBR and core pressure drop results for the VVER are shown in Table 6.3, where
the Westinghouse 4-loop PWR results are also shown for comparison. It can be observed that
both the MDNBR and pressure drop values of the VVER and W-4 PWR are similar under these
conditions.
Table 6.3 MDNBR and core pressure drop for VVER and Westinghouse 4-loop PWR at the
same operating conditions (W-4 PWRs)
MDNBR Core pressure drop(kPa)
VVER 1.462 121.28
Westinghouse 1.459 117.14
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6.2 SEARCH FOR THE BEST ASSEMBLY DESIGN
The optimum dimensions of annular fuel to fit in the hexagonal assembly of fixed size were
searched in such a manner so as to obtain the best thermal hydraulic performance at the same
fuel to moderator volume ratio as that of the solid fuel. Because the annular fuel rods have to be
larger to provide for sufficient flow in the inner channel, fewer rods can be placed within a fuel
assembly of a given size. The number of rods (including fuel rods and control rod guide tubes, or
thimble tubes) in a hexagonal assembly can be obtained from the relation3n 2 - 3n + 1, where n is
the number of rods along each side of the hexagon. The VVER original assembly design has 11
rods along each side, with a total number of rods of 331 (312 fuel rods and 19 thimble tubes).
Two promising arrays of annular fuel rods were investigated - 9 rods along each side of the
hexagon (designated as 9A2, or PXN-02), which has 217 rod positions (204 fuel rods and 13
guide tubes) and 8A2 (PXN-01) arrangement having 169 rod positions (156 fuel rods and 13
guide tubes). Figure 6.3, Figure 6.4 and Figure 6.5 show the layout of the reference VVER FA
(11 A2), 9A2 annular FA and 8A2 annular FA respectively.
Figure 6.3 Layout of the 11A 2 reference hexagonal fuel assembly
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Figure 6.4 Layout of the 9A/2 hexagonal annular Fuel assembly
Figure 6.5 Layout of the 8A2 hexagonal annular Fuel assembly
The search for the optimum dimensions was performed under the following constraints: (1)
both inner and outer cladding thickness and gap thickness of the annular fuel are identical and
are the same as those of the solid fuel" rods; (2), the thickness of the guide tubes in the annular
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fuel assembly is the same as that of those guide tubes in the reference solid fuel assembly, (3) the
ratio of coolant-to-fuel volume ratio (Vc/Vf) is the same as that of the reference solid fuel, i.e.,
the ratio of V/Vf ratios y =1.0 to preserve neutronic performance. Further, to minimize the
reduction of fuel cycle length, it is desirable to load a maximum amount of fuel. Thus the ratio of
fuel volumes of annular and solid fuel in an assembly, C, should be as high as possible.
If the assembly dimension is not changed, the following equations hold for the diameters of
annular fuel:
Do -D2)x N = Vf (6.1)
VTotal 'D [o +2d -(D, -2dMxN, ]x [D - D, -2d'x N. , = yV (6.2)
4  4 g
In the above relations, Vf and V, are assembly fuel volume and coolant volume of the solid
pin design respectively, Dfo and Df, are outer and inner diameters of the fuel ring respectively, y
and C are fuel FA VlVf ratio and assembly (FA) Vfratio, respectively; d is the thickness of
fuel-cladding gap, Dg is the outer diameter of the guide tubes and d is the thickness of guide
tubes, Nfand Nguide are the number of fuel rods and guide tubes in an annular fuel assembly, and
Vrotal is the total volume of an assembly. If Dg is taken to be equal to (Dfo + 2d), which is the
outer diameter of the outer cladding, these two equations can be solved to obtain Dfo and Df.
Assuming that the thicknesses of cladding and gap are equal to those of the solid fuel, all the
diameters can be calculated based on these two equations.
Table 6.4 lists 3 possible designs of the 8A2 array size for various a ratios, where the first c
andf subscripts stand for cladding and fuel, respectively, the second subscript o and i stand for
the outer and inner claddings, and the third subscript o and i denotes the outer and inner
diameters.
Table 6.4 Dimensions of annular fuel in a hexagonal 8 A2 array for different fuel volumes
FA Vj FA V/Vf to
FAtI reference Dcoo Dcoi DFO DFI Dclo Dc1n
ratio S V/Vf ratio (cm) (cm) (cm) (cm) (cm) (cm)
(())
0.948 1.0 1.5778 1.4635 1.4478 0.9641 0.9484 0.8341
0.949 1.0 1.573 1.4587 1.443 0.9562 0.9405 0.8262
0.950 1.0 1.5681 1.4538 1.4381 0.9482 0.9325 0.8182
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Figure 6.6 Channel numbering scheme in the hot assembly (1/6)
Figure 6.7 Channel numbering scheme in the 1/6 whole core
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Table 6.5 Summary of the VVER 1000 VIPRE-01 model with 8^2 annular fuel
Parameter Specification
Model Whole core model with lumped sub-channels
Model region 1/6 core, full axial length
Fuel rod outer diameter Depends on design - See Table 6.4
Fuel rod inner diameter Depends on design - See Table 6.4
Guide tube outer diameter Assumed to be the same as fuel rod outer
diameter
Pitch 1.946 cm
Number of channels 38 channels - see Figure 4.69 & 4.70
Number of rods 18 rods -see Figure 4.69 & 4.70
Axial power profile Chopped cosine, peak-to-average ratio = 1.55
The hot rod power peaking factor 1.635
Reactor power 150% reference power at 118% over power
(6037.5MWt)
Power deposited directly in coolant 0.0%
Core mass flow rate 150% reference flow rate reduced by 5%
(25.2Mg/s)
Core inlet temperature Reference temperature increased by 20C
(294.7 0C)
Cross flow resistance coefficient KG = 7.33 Re 0'2
Turbulent mixing model /= 0.0
Turbulent momentum factor FTM= 0
Axial friction coefficient for turbulent fax = 0.32 Re-0.
25
flow
Form loss coefficient for mixing vane 0.6
grids in outer channels
Inlet and outlet form loss coefficient 0.4 for inlet and 1.0 for outlet
CHF correlations for inner channels W-3S, grid mixing factor 0.0
CHF correlations for outer channels W-3L, grid mixing factor 0.043, grid spacing
factor 0.066, grid factor leading coefficient 0.986
Void correlation EPRI void model for subcooled void,
Zuber-Findlay drift flux equation with
coefficients developed for the EPRI void model
for bulk void/quality correlation, Columbia/EPRI
correlation for two-phase friction multiplier
Heat transfer correlation Dittus-Boelter for single-phase flow, Thom
correlation plus single-phase correlation for
subcooled and saturated nuclear boiling
Channel numbering schemes of the whole core model with the 8 2^ assembly size annular
fuel are shown in Figure 6.6 and Figure 6.7. In the same manner as for the solid fuel case, the hot
assembly was moved to the center of the core and surrounded by assemblies with the same
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power and the hot rod is located at the center of the hot assembly. Powers of the fuel assemblies
of the core periphery were adjusted to maintain correct normalization.
Details of the VIPRE model for the annular fuel VVER core can be found in Table 6.5. the
inner and outer diameters depend on a particular designs according to Table 6.4. The MDNBR
and core pressure drop for these three 8 2^ designs at 150% power and 150% flow rate are shown
in Table 6.6.
Table 6.6 MDNBR and pressure drop results at 150% power for different 8A2 hexagonal
designs
FA Vf ratio (8A2 array) (8A2 array) (8A2 array)
(0) 0.948 0.949 0.950
MDNBR 1.536(outer) 1.695(outer) 1.958(outer)
2.262(inner) 2.028(inner) 1.608(inner)
Pressure drop 279.17 279.37 279.72
(kPa)
Table 6.7 lists 3 possible designs of a 9A2 array size for various a ratios, where the
subscripts have the same meaning as for the 8^2 design.
Table 6.7 Dimensions of annular fuel in a hexagonal 9A2 array for different fuel volumes
FA Vc/Vfto
FA fuel reference Dcoo Dcor DFO DFI Dlo DcII
reference
ratio ( ti (cm) (cm) (cm) (cm) (cm) (cm)
0.92 1.0 1.4031 1.2888 1.2731 0.869 0.8533 0.739
0.925 1.0 1.3844 1.2701 1.2544 0.8385 0.8228 0.7085
0.93 1.0 1.366 1.2517 1.236 0.8077 0.792 0.6777
Channel numbering schemes of the 9A2 assembly size annular fuel whole core model are
shown in Figure 6.8 and Figure 6.9. Other details in the VIPRE model are the same as that of 8^2
assembly size.
The MDNBR and core pressure drop for these three 9A2 designs at 100% power and 100%
flow rate is shown in Table 6.8.
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Table 6.8 MDNBR and pressure drop results at 100% power for different 9A2 hexagonal
designs
FA fuel ratio 0.92 0.925 0.93
0.561 (outer channel) 2.639(outer) 3.325(outer)
3.170(inner channel) 2.017(inner) 0.743(inner)
Pressure drop 153.41 152.51 152.03(kPa)
Figure 6.8 Channel numbering scheme in the hot assembly (1/6)
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Figure 6.9 Channel numbering scheme in the 1/6 whole core
The 0.925 fuel volume design has very good balance of MDNBR in the inner and outer
channels. For the uprate to 150% reference power with core flow rate proportionally increased to
150%, the results are shown in Table 6.9.
Table 6.9 Results of 0.925 fuel volume design at 150% reference power
Inner MDNBR Outer MDNBR Pressure drop
1.881 1.923 318.60 kPa
Table 6.10 MDNBR and pressure drop results at 150% power for the best designs
PXN-01 PXN-02FA Vf ratio (8^2 array) (8^2 array) (8^2 array) (9A2 array)
(a) 0.948 0.949 0.950 0.925
MDNBR 1.536(outer) 1.695(outer) 1.958(outer) 1.923(outer)
2.262(inner) 2.028(inner) 1.608(inner) 1.881(inner)
Pressure drop 279.17 279.37 279.72 318.60(kPa)
Although the best 9A2 design offers slightly better balanced MDNBR than the best 8^2
design (a=0.95), the 8^2 design (bold type) was selected as the most promising for the following
reasons: (1) it requires smaller number of annular fuel rods to be manufactured, (2) has lower
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core pressure drop by 14.1%, (3) it allows loading of more fuel, and (4) it provides larger
MDNBR margin in the outer channel, where a higher heat flux is expected due to preferential
outward fuel expansion after heatup and during burnup. It is also interesting to note that the
number of rod positions (169) of the best performing design is the same for both the square and
hexagonal assemblies. Based on the results obtained, the overall conclusion is that the
application of annular fuel to VVER 1000 core would yield about the same benefit of power
uprate by 50% as for the PWR cores with square lattice.
6.3 DIscuSSION OF ANNULAR FUEL WITH HEXAGONAL LATTICE
It should be noted that the hexagonal lattice is more readily suitable for the application of
annular fuel in the sense that the tight lattice is more capable of driving flow to the inner channel
to balance the DNBR in the inner and outer channels, while the square lattice is sometimes
limited by the 1 mm minimum value of rod-to-rod gap width. For example, in the 14x14 array of
the square lattice, because of the limitations from the minimum 1 mm rod-to-rod gap width, and
the necessary restrictions on fuel and coolant volumes, DNBR in the inner and outer channels
could not be balanced with reference grids loss coefficients. It will need larger grid loss to drive
the flow to the inner channels and balance the DNBR values, which will result in an unfavorable
pressure drop. In the case of hexagonal lattice, the triangular arrangement of the rods can drive
the flow to the inner channel with normal grids pressure drop coefficient in the outer channel. It
can be observed in Table 6.4 and Table 6.7 that, the rod-to-rod gap widths of the 8/A2 and 9^2
arrays are 2.17 mm and 1.74 mm respectively, which are larger than those of the best 13x13
square lattice design (1.14 mm), and are better for flow communications within the outer
channels. As shown in Section 4.5.3, a large rod-to-rod gap width helps to lower the MDNBR
sensitivity to core parameter changes; nevertheless, in an annular fuel core, a large sensitivity
arises from the isolated inner channels, and thus, the annular fuel hexagonal lattice has about the
same MDNBRR sensitivity to core parameter changes as the annular fuel in a square lattice.
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6.4 CONCLUSIONS
Similar power uprates were found to be possible for hexagonal lattice of VVER designs. The
triangular arrangement of the rods is found be more capable of balancing the DNBR in the inner
and outer channels.
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7. SPIRAL CROSS-GEOMETRY FUEL
7.1 INTRODUCTION
The performance of the annular fuel is limited by its drawbacks from the isolated inner
channel and the heat split uncertainty. There will be a benefit to have an open flow channel
design. One approach is to use spiral fuel rod assembly, similar to the Russian design.
[PONOMAREV-STEPNOI, 1998]
In order to fit-in the reference square lattice fuel assembly design, a spiral cross-geometry
fuel assembly is proposed in this chapter. The spiral cross-geometry fuel assembly is constructed
by binding together axially twisted fuel rods with lateral geometry of a cross and a number of
cylindrical guide tubes. In such an assembly, the fuel rods are self-spaced in a square lattice. The
assembly is axially supported by the cylindrical guide tubes. In this chapter, first, a derivation of
this fuel design will be given; second, the dimensions of this spiral cross-geometry fuel assembly
will be chosen based on cooling surface area, fuel volume and flow induced vibration; third,
thermal and hydraulic assessment based on a VIPRE-01 whole core model will be performed.
7.2 DERIVATION OF SPIRAL CROSS-GEOMETRY FUEL ASSEMBLY
In order to achieve high power density, the heat generated in the fuel should be transferred to
the flowing coolant effectively while the fuel temperature is kept low. One may think the block
square lattice or (or a honeycomb for a hexagonal lattice) shown in Figure 7.1 is a good
candidate for a fuel design. Only a portion of a large block fuel design is shown in that figure.
One guide tube is also shown to illustrate the geometry. Not considering fuel irradiation behavior
and only considering thermal-hydraulics, this type of fuel can be designed to have very large
cooling surface and thin fuel thickness, thus low fuel temperature, which are all desirable for
high power density fuel. The format of this block type fuel will eliminate flow induced
vibrations. One drawback of this configuration is the isolated coolant channels, which is not
desirable as discussed in Chapter 2. Another concern may be the manufacture feasibility.
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Figure 7.1 Portion of square lattice fuel brick
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Figure 7.2 Fuel assembly design by biding straight cross-geometry fuel rods
One may divide a fuel block into cross-geometry fuel rods and manufacture the
cross-geometry fuel rods one by one, then bind them together to form the fuel block as fuel
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assemblies, as shown in Figure 7.2. By doing this, the format and geometry of the fuel block are
maintained, while the manufacturing process becomes easier. So, advantages of this assembly
design (its large cooling surface area, low fuel temperature and a rigid formation) are maintained.
However, the disadvantage of isolated coolant channels, which will result in a lower value of
MDNBR than it would be in an open lattice design, still exists.
One solution that opens the lattice so that the flowing coolant can have mass, momentum and
energy mixing among the channels is to make the cross-geometry fuel rods axially twisted,
transforming the straight cross-geometry fuel rods to a spiral geometry. Now, the fuel assemblies
are formed by binding the spiral cross-geometry fuel rods as shown in Figure 7.3, with a
top-down view. The circles that surround the crosses are the top-down views of the rims of the
spiral fuel rods. The portion of an assembly shown in the Figure 7.3 is at the axial height where
the cross-geometry fuel rods contact each other and self-space with each other so that a
self-supporting structure is set-up. Axially, an axial pitch is defined to equal to the distance that
the cross spirals one circle. Since a cross has four petals, the fuel rods will contact each other for
every 900 spiraling axially. So, the fuel rods have four axial contact positions for every axial
pitch. At other heights, the fuel rods are not contacting each other, so that an open lattice is
formed and transversal flow among the coolant channels is allowed, as shown in Figure 7.4
LI
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Figure 7.3 A portion of fuel assembly with spiral cross-geometry fuel rods at a height fuel rods
are contacting with each other
198
111ýj'
i~Ci
~i
W
(K
Figure 7.4 A portion of fuel assembly with spiral cross-geometry fuel rods at a height fuel rods
are not contacting with each other, forming open lattice
The fuel assembly that is formed by binding spiral cross-geometry fuel rods can be designed
to have large fuel cooling surface area, low fuel temperature, high rigid fuel rods and open lattice
coolant flow channels, which are desirable for achieving a high power density core. Because of
the boundary conditions for the cross geometry, the temperature and heat flux at the surface of
the fuel rods will have azimuthal gradients. This will have some effect on the DNBR values. The
DNBR value calculated by the average surface heat flux and critical heat flux based on bulk
coolant conditions should not be set as the limitation. To account for the azimuthal variation, the
critical heat flux value obtained from the typical correlations is reduced according to
recommendations of Collier [Collier, 1981]:
qCHF,azi = (1- fred )qCHF (7.1)
where the reduction coefficient, fed, depends on the magnitude of non-uniformities,
fred= 0.1, for 1 < q:XO /q" l 1.5
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,
fred= 0.2, for 1.5 _ q"ax,o /q" 2.0
qmao is the peak heat flux around the channel circumference and q" is the azimuthal average
heat flux calculated as
q (7.2)
Pheat
where q is the linear heat generation rate, and Pheat is the heated perimeter.
The above discussion shows that the spiral cross-geometry fuel assembly has the potential to
achieve high power density, based on the thermal-hydraulic merits for high power density fuel
design discussed in Chapter 2. Fuel performance and cladding integrity during irradiation of this
cross-geometry fuel rods are uncertain. Spiral cross-geometry fuel with three petals (literally it is
not a cross) have been considered for application in the high power seed region for the Seed and
Blanket fuel assembly design for VVER-1000 at the Kurchatov Institute in Russia.
[Ponomarev-Stepnoi et. al., 1998] The Russian design uses metallic uranium fuel for the spiral
three-petal fuel rods. Russian experience in the design, testing and operation of U-Zr spiral
three-petal fuel elements for naval reactors proves that extrusion can be used for fuel element
fabrication, and their reliability at high bum-ups depends on the reliability of metallurgical
coupling between the kernel and the cladding being provided at the fabrication stage, rather than
on a particular fuel element lateral shape and dimensional characteristics. [Ponomarev-Stepnoi
et. al., 1998]
The manufacturing of the twisted rods from ceramic U0 2 material is an issue. If it can be
replaced by a metallic material, then extrusion can be applied. Ceramic UO2 fuel and zirconium
alloy cladding may be manufactured for spiral cross-geometry fuel rods through a sintering
approach or a vibrational packing approach. In the sintering approach, the following steps are
followed: first, spiral cross-geometry zircalloy cladding rods are manufactured with a certain
axial pitch as designed; second, U0 2 fuel pellets are sintered in the cross geometry with a smaller
dimensions than the inner lateral cross geometry of the cladding tubes, allowing for a gap
between the fuel pellets and the cladding, and axially twisted with the same rate as the spiral
cladding tubes (a curved platelet that fits in the compartments); third, the UO2 pellets are inserted
into the cladding, turning while they move into the spiral cladding; fourth, the fuel rods are filled
with inert gas and are capped, and then are bound together with guide tubes to form the
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assemblies. This manufacturing process of the spiral cross-geometry fuel assembly using UO2
fuel pellets and zirconium cladding appears to be possible, but it may require a larger than
optimum gap. Also, there needs to be periodic "webbing" in the axial direction at the tips of the
petals to prevent contact fretting between the fuel rods, resulting from vibrations or individual
lift off of rods.
Another possible manufacture method of the spiral cross-geometry fuel with uranium oxide
and zircalloy cladding is to welt four petals together to form the cross geometry. Through email
communications, Herb Feinroth of Gamma Engineering comments on the manufacturing of U0 2
and Zircalloy cladding: "The PWR Shippingport Core 2 seed and blanket were made from oxide
platelets, enclosed in zircaloy plate geometry. This Naval Reactors - Bettis technology is public
info - and there are many Bettis publications on this. To go from these PWR core 2 plates to the
cross geometry, one would need to make each quadrant separately, and join them together in the
middle - a center zirc rod, or pin. Now the question is - how to get the twist. Here I think one
would have to shape the metallic pieces first, press and sinter the small oxide platelets in final net
shape, a curved platelet that fits in the compartments, and then weld it up." [Feinroth, April 21,
2005]
Therefore, it seems that there are ways to manufacture the spiral cross-geometry fuel rods
with oxide uranium fuel and zircaloy cladding. Yet, the cost of the manufacture of the fuel rods
is unknown, and the fuel performance of this type of fuel during irradiation is largely uncertain,
and need further investigations. Nevertheless, the analysis of this spiral cross-geometry fuel in
this thesis will assume the feasibility of the fuel being oxide uranium and zircalloy cladding.
7.3 DIMENSIONS OF THE SPIRAL CROSS-GEOMETRY FUEL
ASSEMBLY
The choice of the dimensions, both latterly and axially, of the spiral cross-geometry fuel rods
will be based on the requirements for cooling surface area, fuel volume and flow induced
vibration analysis.
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7.3.1 Lateral Dimension Design
A schematic lateral view of the cross geometry fuel rod is shown in Figure 7.5. As shown in
Figure 7.5, the lateral width of the cross fuel, which is equal to the span of the fuel, is defined as
P, and the thickness of the cladding is defined as 5, and the thickness of the fuel petal is defined
as d. The tips of the four petals will need webbing, yet this is not shown in the figure.
For a unit length of the fuel rod shown in Figure 7.5, the values of the fuel volume Vf, coolant
volume Vc, total volume V and cooling surface area S can be calculated by the following
equations:
V, =8rD-(8 -)r 2  (7.1)
V = 4(D+) 2 - [8(r +)(D +) - (12 - 2)(r + )2  (4 - )(r )2  (7.2)
V = P 2 = 4(D + 3) 2  (7.3)
S = 8D - (24 - 6r)r + 2nr (7.4)
II
Iro
Figure 7.5 Schematic of the lateral cross section of the fuel pin
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Since the rounded corner areas are small, in the above equations, they are treated as
right-angle.
The surface to volume ratio can be calculated by:
8D - (24 - 6;)r + 2 (75)S/ V- (7.5)
4(D+3g)2
Ratio of coolant to fuel volume, Pf, can be calculated by:
Sfl 4(D + ) 2  (7.6)
Vf 8rD - (8 - r)r 2
Area moment of inertia of cladding, x, can be calculated by:
S= x2dAad [r r4 ]+ 8[(r + 6)3 r3]+D2 [(r + )2 r2]
2 3
3 D-r 3
+ -(D-r-_6) 3 +(D+r+6g)2z5(D_-r-3)+ D - r 3 +46(r+ )2(D-r)
3 3 2
For a conventional solid cylindrical fuel rod, a schematic cross-section is shown in Figure
7.6. As shown in Figure 7.6, the lateral width of the fuel cell, or pitch of the lattice, is defined as
P', and the thickness of the cladding is defined as 6, and the radius of the fuel pellet is defined as
R.
L-,--··
V.,
Figure 7.6 Schematic of the cross section of the conventional cylindrical fuel pin
203
(7.7)
~_.___,
•J
r
For the cylindrical fuel rod shown in Figure 7.6, the per unit length values of the fuel volume
V;, coolant volume Vc, total volume V and cooling surface area S can be calculated by the
following equations:
Vf =n R 2  (7.8)
V, = P2 - r(R + S)2  (7.9)
V' = P,2 (7.10)
S' = 2r(R + 6) (7.11)
The surface to volume ratio can be calculated from:
S/V - 2r(R + 3)S',/2 (7.12)
P'2
Ratio of coolant to fuel volume, ,8, can be calculated by:
_ y' _ P,2 _r(R +. )2
V,' P R 2  (7.13)V Re 2
Area moment of inertia of cladding, I,, can be calculated by:
I'x = x dAclad = (R+ ) 4 -R] (7.14)
For the cylindrical fuel rods in the reference Westinghouse 4-loop PWR, P' = 12.6 mm, R =
8.19mm, and 6 = 0.655mm (including gap thickness), and fl= 1.668. In order that the neutronic
characteristics of the two types of fuels be kept similar, ratio of the coolant to fuel volume should
be equal, i.e. f = P = 1.668. Combining Equation (7.6) and the relation of P = 2(D +6), and
assuming thee = 6 = 0.655mm, a relation between the thickness of the fuel petals and the lateral
pitch can be derived, as shown in Figure 7.7. Here the clad thickness for the cross-geometry fuel
is kept the same as that of the cylindrical fuel. Yet, the clad thickness for the cross-geometry fuel
may have to be higher because higher stress may result from the spiral shape of the cladding. The
clad thickness may have to be increased if the lateral dimension of the cross-geometry fuel is
larger so that hoop stress is larger if it is kept the same.
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Figure 7.8 Characteristics of the cross-geometry fuelTrod comparing to reference solid design
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It can be observed in Figure 7.7 that the relationship between the lateral pitch and the
thickness of the fuel petals of the cross-geometry fuel, with a constant ratio of the coolant to fuel
volume, is quite linear, with a larger lateral pitch allowing larger fuel petal thickness. Based on
the values on this line, the per unit length values of the cooling surface area, fuel volume and
moment of inertia of the cladding, normalized to the values of the reference solid cylindrical
design, are shown in Figure 7.8, with the x axis as the lateral pitch of the cross-geometry fuel
pin.
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Figure 7.9 Dimensions of the 17x17 cross-geometry fuel pin in millimeters (not to scale)
It is obvious from Figure 7.8 that the fuel volume and the cladding moment of inertial
become larger with the increase in the lateral pitch of the cross-geometry fuel rod, while the
cooling surface area becomes smaller with the increase of the lateral pitch. It should be required
that the fuel volume not be smaller than 90% of the reference value. From Figure 7.8, the lateral
pitch of the cross-geometry fuel rod should be larger than 11.6 mm. In the mean time, the lateral
pitch of the cross-geometry fuel rod should be as small as possible since the cooling surface area
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is inversely proportional to it. If we keep the assembly dimensions of the new cross-geometry
fuel the same as those of the reference fuel assembly, and allowing some space for webbing, we
can keep the 17x17 assembly design for cross-geometry fuel rods with the pitch value of 12.6
mm. We may have an 18x18 design for the cross-geometry fuel, since the size of the reference
assembly is 21.5 mm, and divided by 18 equal to 11.9 mm, which is larger than the 11.6 mm.
The dimension of the 17x17 cross-geometry fuel design is shown in Figure 7.9. It fits in the
reference fuel assembly size with a lateral pitch of 12.6 mm, and the fuel petal thickness of 2.6
mm. For the design shown in Figure 7.9, the fuel assembly surface area is about 139% of the
reference solid fuel assembly, and Vc/Vfis the same. The assembly view of the design is shown in
Figure 7.10. The fuel rods are placed in parallel first and then are bound together, with
self-supporting ribs thus forming the assembly, and are supported at both ends.
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Figure 7.10 The 17x17 cross-geometry fuel rod assembly
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7.3.2 Axial Spiral Pitch Design and Vibration Analysis
For choice of the axial spiral pitch, there are several effects to consider. First, the shorter the
spiral pitch, the higher the pressure drop. Second, this spiral shape will improve mixing within
the channels, and it should be expected that the spiral pitch change will have some effects on
mixing. Third, a change of spiral pitch will change the span length between two self-supporting
points. For every 90 degree rotation, there will be one supporting point where the fuel petals
contact with each other. So, within one axial spiral pitch, there will be four supporting points.
Thus, the span length is 1/4 of the spiral pitch. Considering all these effects, the spiral pitch
should be calculated in such a way that the span length is small enough for the fuel rod to
withstand flow induced vibration effects.
It is to be recognized that the smaller the spiral pitch, the harder it will be to manufacture the
rod from sintered pellets. In addition, the mechanical stresses that will be generated by the
twisting of the cladding may have some negative effects on the clad corrosion behavior.
Let us take the axial spiral pitch equal to half of the pin length and examine the flow induced
vibrations to verify that this axial spiral pitch is acceptable. If the flow induced vibration is too
large, the axial spiral pitch will have to be decreased to have a smaller part of fuel rod as a free
span. Since there will be a self-supporting point for every 1/4 of the axial spiral pitch, and the
fuel rods are supported by the in-core structure at both ends, there are totally 9 points of support
axially, with one at each end and seven in the middle. This is the same as for the reference solid
cylindrical design with seven grids in the middle. But, since the cross-geometry cladding
moment of inertia is more than twice that of the reference solid cylindrical fuel design, the flow
induced vibration effects for the cross-geometry fuel rods will be smaller. This assumes that the
axially spiral cross geometry has little effect on the interaction between the flow and the
structure.
A comparison between the reference 17x 17 cylindrical fuel rods at 100% core flow rate and
the 17x17 cross-geometry fuel rods at 150% core flow rate will be made. Table 7.1 shows the
geometric data of the two fuel designs. The Diameter of the cross-geometry fuel is an equivalent
diameter calculated by keeping the cross-section area the same.
The characteristics of interest for the different fuel designs are listed in Tables 7.2 to Table
7.4. These are needed to calculate the critical values in the vibration analyses to follow.
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Table 7.1 Geometric data for the two fuel designs (cm)
Fuel Design Df Dei Doo Pitch P/D
17x17 (Cylindrical) 0.8255 0.8399 0.9522 1.236 1.298
17x17 (Cross) - - 0.9919* 1.263 1.273
*equivalent diameter
Table 7.2 Estimation of linear mass for the two fuel designs (kg/m)
Fuel Design Cm Mhy mCl Mt mf mt
17x17 (Cylindrical) 1.517 0.080 0.136 0.216 0.560 0.774
17x17 (Cross) 1.598 0.091 0.198 0.289 0.538 0.827
Table 7.3 Estimation of Young's modulus and moment of inertia (kg/m2)
Fuel Design Icl Ec It Et
17x17 (Cylindrical) 1.62E-10 1.00E+ll 3.76E-10 1.00E+11
17x17 (Cross) 2.62E-10 1.00E+11 5.49E-10 1.00E+1l
Table 7.4 Estimation of natural frequency
Fuel Design Span length flc f2d fit
17x17 (Cylindrical) 0.508 m 52.38 209.5 42.4
17x17 (Cross) 0.508 m 71.49 285.96 61.1
The calculation formulae and discussion of the vibration effects are similar to that given in
Chapter 3 for the solid cylindrical fuel, so they are not repeated here. The results are shown in
Tables 7.5 to Table 7.18
i) Vortex-shedding
Table 7.5 shows the critical cross flow velocity. Because of the cross-geometry fuel has larger
frequencies than those of the reference cylindrical fuel, the cross-geometry fuel has larger critical
cross flow. Because of the spiral shape of the cross-geometry fuel rods, the coolant flow has a
lateral portion, and this cross flow value is dependent on the axial spiral pitch and the total
velocity. For this axial spiral pitch design, the cross flow velocity is estimated at 0.43 m/s. The
margin between the cross flow velocity and the critical cross flow velocity is smaller for the
cross-geometry fuel rods.
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Table 7.5 Critical cross flow velocity to avoid vortex-shedding lock-in, and calculated cross
flow velocity
Critical cross flow
f1 (l/s) Cross flowvelociy (m/sFuel Design D (mm) S(-) veloci (ms velocityOpen Closed Open Closed (m/s)
Sgap gap gap gap
17x17 (Cylindrical) 9.522 1.532 52.38 42.4 0.51 0.41 0.235
17x17 (Cross) 9.919 1.829 71.49 61.1 0.61 0.52 0.430
Table 7.6 shows the ratio of resonance parameters of the two designs based on the resonance
parameter G;. For this parameter, the cross-geometry fuel is a little better.
Table 7.6 Ratio of resonance parameters of the two designs
Gi
D V, solidity (compare withFuel Design P/D (mm) (m/s) ratio reference
case)
17x17 (Cyl.) 1.326 9.522 0.235 0.446 1.000
17x17 (Cross) 1.273 9.919 0.430 0.484 0.941
ii) Fluid-elastic instability
Table 7.7 and Table 7.8 show, with open and close gap cases, the critical velocities as
estimated by the equation derived by Connors (Equation 3.29)
Table 7.7 Critical cross flow velocity to avoid fluid-elastic instability (open gap)
Cross
Fuel Design fl Damping mt Density VC flow
ratio (m/s) velocity(m/s)
17x17 (Cyl.) 2.314 52.38 0.01 0.216 740.5 0.519 0.235
17x17 (Cross) 2.061 71.49 0.01 0.289 740.5 0.729 0.430
Table 7.8 Critical cross flow velocity to avoid fluid-elastic instability (closed gap)
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The cross-geometry fuel assembly has a larger critical velocity estimated by the Connors
equation because it has a larger frequency resulting from the larger moment of inertia for both
the open and closed gap cases.
According to Paidoussis [Paidoussis, 1982], the fluid-elastic instability in the axial flow in a
fuel bundle can be avoided if the value u* calculated by Equation (3.31) is smaller than 1.5. It is
clear from Tables 7.9 and 7.10 that the cross-geometry rod satisfy this criterion.
Table 7.9 Non-dimensional axial velocity (open gap)
Fuel Design V L Mi Iclo Ecl u*
17x17 (Cyl.) 6.000 0.508 0.0527 1.62E-10 9.91E+10 1.75E-01
17x17 (Cross) 9.000 0.508 0.057187 2.62E-10 9.91E+10 1.93E-01
Table 7.10 Non-dimensional axial velocity (closed gap)
Fuel Design V L Mi Iclo Ecl u*
17x17 (Cyl.) 6.000 0.508 0.0527 3.76E-10 1.00E+11 1.14E-01
17x17 (Cross) 9.000 0.4575 0.057187 5.49E-10 1.00E+1l 1.33E-01
Turbulence induced Vibration
a. Axial flow induced vibration
The maximum amplitude of the axial flow induced vibration, assumed to have a Gaussian
distribution, can be estimated by Paidoussis' Equation (3.32)
The Maximum amplitude for the axial flow-induced vibrations can be calculated for these
conditions as shown in Table 7.11. The vibration movement is smaller than the span space
between the pins at the mid-span point.
Table 7.11 Maximum vibration amplitude of axial-flow induced vibrations and their ratio to
inter-pin clearance
Rod clearance ymax (m) ymax/gClosed
g (cm) Open gap Open gap Closed gap
17x17 (Cyl.) 0.311 6.97E-05 3.60E-05 2.24E-02 1.16E-02
17x17 (Cross) 0.271 5.32E-05 2.98E-05 1.96E-02 1.10E-02
b. Cross flow induced vibration
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The root mean square response due to turbulence cross flow-induced vibration in the mid
plane of the rod span can be estimated by Equation (3.33). The calculated values are shown in
Table 7.12. Again the vibration amplitude is much smaller than the inter-rod distance.
Table 7.12 Maximum vibration amplitude of cross-flow induced vibrations and their ratio to
inter-pin clearance
Fuel Design gap clearance ymax (m) Closed max/
g (cm) Open gap Open gap Closed gapgap
17x17 (Cyl.) 0.311 1.73E-06 9.58E-07 5.57E-04 3.08E-04
17x17 (Cross) 0.271 3.09E-07 2.52E-07 1.14E-04 9.31E-05
c. Combination of axial flow and cross flow
Considering both vibration, it is important to add the two effects:
Yrm = Yrms,axia• + Y,,,,cross, and Yms,.ia = Ymax / 3,
The calculated results are shown in Table 7.13, and they show a wide margin.
Table 7.13 Root mean square amplitude for combination of axial and cross-flow and their ratio to
inter-pin clearance
Fuel Design gap clearance ymx (Closed ymax/g
g (cm) Open gap Open gap Closed gap
17x17 (Cyl.) 0.311 2.50E-05 1.30E-05 8.03E-03 4.17E-03
17x17 (Cross) 0.271 1.80E-05 1.02E-05 6.65E-03 3.76E-03
iv) Wear Analysis
There are basically three types of wear mechanisms from flow-induced vibration: impact
wear, sliding wear, and fretting wear. We shall consider the cross-geometry with 150% flow and
compare it to the cylindrical geometry at 100% flow.
a. Impact wear
The surface stress due to impact between rods and the support plate is estimated by Equation
(3.35). This stress has to be smaller than the endurance stress limit.
The ratio of surface stress of the two fuel design cases can be calculated by Equation 3.36.
The results are shown in Table 7.14. The results show that the cross-geometry is about 10%
worse than the cylindrical geometry.
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Table 7.14 Surface stress ratio from impact wear
Surface stress ratio Open gap Closed gap
17x17 CROSS/17X17 CYL 1.081 1.092
b. Sliding wear
The volumetric wear ratio between the two design cases can be estimated by Equation (3.37).
The results are shown in Table 7.15. Here, the cross-geometry is twice as bad as the cylindrical
case, due to the 50% increased flow velocity.
Table 7.15 Volumetric wear ratio from sliding wear
Volumetric wear
Surface stress ratio
Open gap Closed gap
17xl7 CROSS/17X17 CYL 1.97 2.13
c. Fretting wear
If the rods are assumed to have the same wear coefficient "K", the ratio of volumetric wear
rate for the different cases can be calculated by Equation (3.39). The results are shown in Table
7.16. Again the flow velocity effect is to increase the wear ratio by 60% to 80%.
Table 7.16 Volumetric wear ratios from fretting wear
Surface stress ratio Open gap Closed gap
17xl7 CROSS/17X17 CYL 1.60 1.78
In summary, the volumetric wear of the spiral cross-geometry fuel rods is lager than those of
the cylindrical fuel rods because they have larger cross flow velocity and larger frequency. This
larger volumetric wear is expected and can be mitigated by webbing at the tips of the fuel petals
contacting points.
It can be concluded from the above analysis that the chosen axial spiral pitch is acceptable.
The cross flow velocity at 150% core flow rate does not exceed the critical flow velocity at
which large flow induced vibrations would occur. The volumetric wear of the cross-geometry
rods is larger, but this may be acceptable if webbing at the tip of the fuel petals is employed.
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7.4 THERMAL-HYDRAULIC ANALYSIS
Thermal-hydraulic spiral cross-geometry fuel design is not an easy task since there is limited
established knowledge for this type of fuel, including verified methods for predicting CHF,
lateral flow, pressure drop, and heat transfer coefficient.
A research report generated by the Kurchatov Institute in Russia for the VVERT-1000
Non-proliferation Light Water Thorium Reactor describes some of the thermal hydraulic
calculations they have done for their spiral three-petal seed fuel rods. [Ponomarev-Stepnoi et. al.,
1998] The main techniques they adopted for thermal-hydraulic calculations are summarized in
what follows, along with a discussion of their models and calculations.
1) The SC-1 code, developed by the Institute of Nuclear Reactors of the Kurchatov Institute was
used for the thermal hydraulic calculations. A Sub-channel analysis scheme was used for
their calculations.
2) For critical heat flux, OKB "Gidropress" was used for their calculation. Yet, this is the very
formula used for calculations of the VVER-1000 core with solid cylindrical fuel rods. For
some calculations, a constant value is used for the critical heat flux estimated by the Jens and
Lottes correlation, q"crit = 7.96 MW/m2. The validity of these correlations for the spiral type
of fuel is not established.
3) For modeling of the lateral flow, the following formula was used:
W'= fl-R;o•'DhG (7.15)
where fl is a unitless empirical coefficient, and its value is around 0.0142; i is the inter-pin
width for cross flow; 1 is the distance between two channel centeroid; Re is the Reynolts
number; Dh is the hydraulic diameter of the channel; and G is the mass velocity of the
coolant. The formula is more applicable to the cylindrical solid fuel assembly, but not so
suitable for the spiral type fuel. One concern is what the proper value of the inter-pin gap
width, which changes along the axial height, and the code does not have the capability to
model this varying inter-pin gap width for nodes at different axial heights. An approximation
is adopted that the average inter-pin gap width along the axial height is to be used.
4) For pressure drop calculations, the addition to hydraulic resistance introduced by the twisting
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of the flow was determined according to a formula recommended for a turbulent stream in
triangular lattice of rods with helical wire winding and with "rib-to-rib" contact:
L- = 1+ 600 1 (7.16)k T d
Where kp is the pressure drop coefficient for rod assemblies with spiral geometry and k is the
pressure drop without wire helical winding; d is the diameter of the fuel rod; T is the width
of the wire; and S is the axial winding pitch.
5) The twisted seed fuel element was treated as a cylindrical fuel element with three-entry
ribbing (for the three-petal lateral shape). Actual values of the lateral cross section area of
the fuel are used to calculate the equivalent diameter for the fuel region.
6) For surface heat flux calculation, the heated perimeter of fuel element attributed to a
particular cell was taken equal to the wet perimeter of the fuel element. So the characteristics
that the three-petal lateral shape has larger cooling surface area are captured in the
calculation.
7) Because of the azimuthal difference along the surface, the surface heat transfer coefficient to
the coolant may vary. Yet, a constant h = 57080 W/m2.oC is quite accurate for turbulent flow
where q <1500 W/cm 3, when no boiling exist. h becomes larger in the comer region where
q ">1500 W/cm 3 and with boiling. (This result was evaluated by the ESCES/CRUC code
developed at "KI"; The RTPC results which are calculated by FLUENT use a constant h)
It can be observed that many approximations have been made in the thermal hydraulic
calculations performed by the Russian group for their spiral three-petal fuel rods. Further
research is needed to give more accurate analysis of this spiral type of fuel with non-circular
cross-section geometry, which was beyond the scope of this thesis. Nevertheless,
thermal-hydraulic calculations for the spiral cross-geometry fuel core have been performed using
a VIPRE-01 whole core model and with the FEMLAB code.
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1 Sub-channel/lump sub-channel number
( Lump rod number
Figure 7.11 Division of a 1/8 symmetry sector of the hot fuel assembly into elementary cells
as used in the VIPRE whole core model
The spiral cross-geometry fuel rods were defined as wire-wind cylindrical rods with
equivalent sub-channel flow area and wetted perimeter. A VIPRE whole core model was setup to
calculate the coolant flow conditions in the core and a sub-channel analysis scheme was used to
calculate the MDNBR values in the core. In this way, the average surface heat flux along the
perimeter is used for calculation of the DNBRs, thus the un-even surface heat flux phenomena of
the cross type fuel are omitted. In order to capture the un-even surface heat flux phenomena
along the perimeter, DNBR values calculated using the average surface heat flux will be reduced
by a factor based on the heat flux peaking factors along the surface of the cross fuel, which is
calculated'using the FEMLAB code solVing the heat conduction equation in the cross geometry.
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Figure 7.11 shows the division of a 1/8 symmetry sector of the hot fuel assembly into elementary
cells as used in the VIPRE whole model. The power distribution in the hot assembly was
assumed to be the same as the reference 17x17 solid cylindrical fuel rod assembly shown in
Figure 3.1, where the hot channel is Channel 1 and the hot rods are both Rod I and Rod 2. Axial
power distribution of the fuel rods is a chopped cosine with peak-to-average value of 1.55, which
is the same as the reference solid cylindrical fuel calculation. The hot assembly is moved to the
center of the core to generate conservative results as shown in Figure 7.12. The power peaking
factors for the assemblies shown in Figure 7.12 are the same for the calculation of the reference
solid cylindrical fuel core as shown in Figure 3.2.
17 Lumped sub-channel number
( Lumped rod number
Figure 7.12 The 1/8 symmetry sector of the core into elementary cells as used in the VIPRE
whole model with the striped triangle representing the 1/8 hot assembly
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With the flow area and wetted perimeter correctly described, the hydraulic diameter will be
calculated correctly. For pressure drop calculations, the fuel rods are treated as cylindrical fuel
rods with wire helically wind along the surface. Cheng and Todreas (1985) correlated
wire-wrapped pressure losses for turbulent flow was used as shown in the following:
f = Cj Re - '"8  (7.17)
where
C, = [0.8063 -0.9022log,(H/D) + 0.3526(log1 (H/D))2 p/D) 97(H/D)1.78-2.0(P/D) (7.18)
The range of applicability of the correlation is 1.025 • P/D • 1.42, 8.0 • H/D • 50.0
We do not have a CHF correlation for such a fuel assembly. But, given the fact that flow in the
channel will be well mixed due to the spiral shape of the fuel, the W-3 correlation with the L grid
factor could be used as an approximation.
The proposed 17xl7 spiral cross-geometry fuel core has about 40% more cooling surface area
than that in the reference core. CHF is a function of the coolant quality and coolant velocity. For
the power uprate with core power proportionally increased, the coolant quality should remain the
same, while the higher coolant velocity would increase the value of CHF at the low flow quality
conditions of a PWR. As the cooling surface area is increased by 40%, the average surface heat
flux would remain the same if the core power is also increased by 40%. With CHF increased as
discussed above, DNBR values would increase if the core power is uprated to 140% of the
reference value. The core power could be uprated to a higher value since a higher DNBR margin
may not be necessary. Below, the calculation was performed for the case that the core power
increased to 150% of the reference value with the core flow rate proportionally increased.
As always, calculations of DNBR were made at 18% overpower, 5% less normal core
effective flow rate and 2 'C higher coolant inlet temperature. The results are shown in Table
7.17.
Table 7.17 MDNBR values for spiral cross-geometry fuel calculated by the whole core VIPRE
model
Spiral Cross-geometry Fuel
Nominal Power and Flow 100% 150%
MDNBR 2.439 2.046
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The temperature distribution in the fuel was calculated by the FEMLAB, solving the heat
conduction equation in the cross geometry as shown in Figure 7.12. The fuel dimensions shown
in the figure are to scale. The bulk temperature of the coolant is assumed to be 334 oC. The heat
transfer coefficient at the clad surface is assumed to be a constant value of 132 kW/m 2.k. The
heat generation rate in the fuel is also assumed to be uniform. The calculated fuel temperature is
at the hot spot, with a total power peaking factor of 2.58, in the core at 150% of reference core
power. It can be observed in the figure that there is some temperature peaking at the corner
regions. The center temperature at this hot spot is about 1200 oC. The calculation of the fuel
temperature does not incorporate a gap in the fuel rod. Given that normal temperature difference
across a gap is about 200 °C, the real center fuel temperature may be around 1400 'C, which is
around half of the fuel temperature in the solid cylindrical fuel core at 100% nominal power with
the same assumptions. The cross-geometry fuel rods will have advantages that derive from the
lower fuel temperature.
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Figure 7.13 Fuel temperature at the hot spot calculated by FEMLAB (rod dimension in scale)
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The heat flux values calculated by FEMLAB are shown in Figure 7.13. In the figure, the
direction of the arrow represents the direction of the heat flux, and the length of the arrow
represents the value of the heat flux. It can be estimated that the peak heat flux at the corner
regions is about twice that of the average heat flux at the surface. The MDNBR value calculated
by the VIPRE whole core model using the average heat flux has to be discounted based this peak
heat flux value. According to Equation 7.1, the above DNBR value should be multiplied by 0.8,
and the new values are shown in Table 7.18, with the calculated results for the solid cylindrical
fuel core also shown for comparison.
It can be observed that, based on the above calculation combining VIPRE whole core model
and FEMLAB heat conduction calculation, the new 17x17 spiral cross-geometry fuel core can
uprate the core power to 150% of the reference core power with the coolant flow rate
proportionally increased, resulting in a MDNBR margin larger than that of the reference design.
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Figure 7.14 Heat flux at the hot spot calculated by FEMLAB
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The above calculations assume a uniform heat transfer coefficient at the clad surface. This
assumption may not be conservative because since, as shown in Figure 7.14, the comer has
higher heat flux and thus it may has higher heat transfer coefficient, which will lead to even more
heat driven to the comer. This will increase the heat flux peaking factor at the comers. The best
way here may be to iterate on the heat flux distribution and heat transfer coefficient distribution.
Yet, the uniform heat transfer coefficient at the surface may still be accurate if the heat flux is
not too high and coolant temperature is low so that no boiling exits. [Ponomarev-Stepnoi et. al.,
1998]
Nomina
Press
Table 7.18 MDNBR and pressure drop values from the whole core model
Spiral Cross-geometry Fuel Reference Cylindrical Fuel
Il Power and Flow 100% 150% 100%
MDNBR 2.033 1.626 1.454
;ure Drop (kPa) 127 262 117
7.5 CONCLUSION
The best design for the spiral cross-geometry fuel assembly that fits in the reference fuel
dimension is a 17x17 assembly size, with increased surface cooling area of about 40% larger
than that of the reference cylindrical solid fuel assembly. The cross-geometry fuel has a larger
stiffness, and the axial spiral pitch is designed to be around 1.8 meter. It is necessary to add
webbing along the tips of the petals to stand the contact wear between the fuel rods.
Thermal hydraulic calculations for the spiral cross-geometry fuel were performed by the
VIPRE whole core model and FEMLAB. The VIPRE whole core model, with cylindrical fuel
rod simplifications, was used to calculate the flow conditions in the core. FEMLAB code was
used to solve the heat conduction equation in the cross geometry to calculated the fuel
temperature and heat flux at the surface. The DNBR values calculated using the cylindrical fuel
rod simplification were discounted by a factor of in order to take into account the uneven heat
fluxes at the surface of the cross-geometry fuel rods.
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8. CONCLUSIONS AND FUTURE WORK
This thesis is devoted to analyzing innovative core designs that can achieve high power
density pressurized water reactors. In order to achieve high power density, special characteristics
of the fuel design, which are derived from the design limits for a PWR, are defined. The fuel
designs that can achieve a high power density should have a large fuel surface to volume ratio,
thin fuel thickness, large stiffness, low total core pressure drop and an open lattice design.
Three types of fuel designs were analyzed with the Westinghouse 4-loop PWR chosen as the
reference design: conventional solid cylindrical fuel, internally and externally cooled annular
fuel and spiral cross-geometry fuel. The main effort was allocated to design of the internally and
externally cooled annular fuel.
8.1 SOLID CYLINDRICAL RODS
Using the cylindrical fuel design, core power can be uprated by increasing the core flow rate.
For water at low flow thermodynamic quality, as in a PWR, CHF will be increased when coolant
mass flux is increased. This increase in CHF resulting from the increased coolant mass flux will
increase the DNBR margin, which can be utilized to uprate core power. Flow induced vibration
effects have to be addressed if the core flow rate is to be increased. Also, the centerline fuel
temperature will be increased when the core power is increased, which will result in a smaller
margin to fuel melting. Core power can also be increased by using smaller diameter fuel rods
with increased number of rods in a fuel assembly so that the cooling surface area is increased and
the operating heat flux and linear rod power are decreased. However, flow induced vibration
effects will be increased due to the lower stiffness of the fuel rods.
For cylindrical fuel, there is a contradiction between the thermal requirements and hydraulic
requirements for the selection of the diameter of the fuel rods. At the same coolant to fuel
volume ration, it would be better to use a small fuel rod diameter to have a large fuel temperature
margin and to have larger cooling surface area so that a large DNBR value can be achieved.
Hydraulically, small fuel rods may need more grids axially to support themselves and to mitigate
flow induced vibrations resulting in a higher core pressure drop. High core pressure drop is not
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desirable for steady-state operation since higher pumping power is needed, but also, due to
degraded performance of the fuel during transients and accidents, since high core pressure drop
adds difficulties for reliance on natural convection for decay heat removal.
Comparison between the solid cylindrical fuel and the annular fuel are made in Figures 8.1 to
8.3 where the core power and core flow rate are proportionally increased.
-- 17x17 Referer
-- 19x19 Solid F
*-13x13 PQN-O:
-- 13x13 PQN-0:
Ice Solid Fuel
uel
3 Annular Fuel
3 Annular Fuel
(inner channel)
(outer channel) -
90% 100% 110% 120% 130% 140%
Core Power and Flow Rate
150% 160%
Figure 8.1 MDNBR comparison between the solid cylindrical fuel design and the 13x1 3
PQN-03 annular fuel design when core power and flow rate are proportionally increased
It can be observed from the above figures that the annular fuel design is better than the solid
cylindrical fuel design in MDNBR and maximum fuel temperature, while it has similar total core
pressure drop to those of the solid cylindrical fuel designs.
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Figure 8.2 Total core pressure drop comparison between the solid cylindrical fuel design and
13x1 3 PQN-03 annular fuel design when core power and flow rate are proportionally increased
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Figure 8.3 Maximum fuel temperature comparison between the solid cylindrical fuel design and
13x 13 PQN-03 annular fuel design when core power and flow rate are proportionally increased
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8.2 ANNULAR FUEL RODS
A major effort was allocated to the design of internally and externally cooled annular fuel.
The concept of annular fuel has many merits including large cooling surface area, low fuel
temperature and high rigidity. One drawback is that the flow into the inner channel is isolated
and does not have lateral mass and energy exchange with other channels, so that there is some
adverse effect on the DNBR value, as discussed in Chapter 2.
Thermal hydraulic analysis of the high power density internally and externally cooled
annular fuel was carried out using VIPRE whole core models to identify the most promising
configuration and potential for power uprate. VIPRE has the capability to model heat generating
tubes, and that was used to represent the internally and externally cooled annular fuel rods in the
VIPRE whole core model. This served as a basis for the MDNBR analysis of whole PWR cores
with annular fuel.
The most promising options, based on MDNBR considerations, were found to be the 13x13
assembly size. The 13x13 design allows a power uprate of 50%, in terms of DNBR limit, when
the core flow rate is proportionally increased. Thus, 150% power can be extracted from the same
core volume as the reference solid fuel at 100% power. Proportionally increasing the core flow
rate with core power is necessary to maintain the same core temperature rise. Hydraulic analyses
have shown that such a large flow rate would be acceptable from the point of view of vibrations
due to high rigidity of the large annular rods. However, the power requirements for the reactor
circulation pumps may be too high for the currently commercial pumps and that would require
significant development of new pumps. Therefore, the possibility of using the largest available
pumps with double the power of current pumps but smaller flow rate than 150% was also
explored. The 50% power uprate was found possible with this smaller pump option and reduced
core inlet temperature by 100C. This lower core temperature reduces plant efficiency by 1%
giving a net power uprate of 45.6%. Moreover, this large power uprate is possible at fuel peak
temperatures substantially below the reference solid fuel, reducing fission gas release and
improving LOCA performance.
Similar power uprates were found to be possible for hexagonal lattice of VVER designs.
The triangular arrangement of the rods is more capable of balancing the DNBR in the inner and
outer channels.
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Five issues involving practical considerations were evaluated: manufacturing tolerances,
oxide growth on the surfaces, inner and outer gap conductances asymmetry, more pronounced
MDNBR sensitivity to changes of core parameters, and resistance to instabilities. The effect of
industry manufacturing tolerances and of conservatively large oxide growth on MDNBR was
found to be small and did not result in MDNBR values below the limit. The large sensitivity of
MDNBR to gap conductances in the inner and outer gap was identified as the most important
issue that requires further experimental investigation through irradiation programs. Annular fuel
was found to be more sensitive to operating parameters, such as core flow rate, core power, core
inlet temperature and systems pressure than the solid fuel. Finally, the annular fuel is resistant to
flow instabilities, such as Ledinegg instability and density wave oscillation due to a high system
pressure and single-phase flow along most of the hot channel length. In conclusion, steady
thermal hydraulic calculations confirmed that the proposed 13x13 annular fuel can achieve
substantial power uprate up to 50%.
Safety analyses for a typical Westinghouse 4-loop PWR were carried out for the reference
solid fuel at 100% power, and for the annular fuel at 100% and 150% power. Two representative
transients, the Loss of Flow Accident (LOFA) and Large Break Loss of Coolant Accident
(LBLOCA), were analyzed in this work. Other transients have been addressed by others.
For the cases of LOFA, the VIPRE code was used to calculate the transient minimum DNBR
based on RELAP5 results. It has been found that the minimum DNBR for the annular fuel at
150% power never dropped below the minimum DNBR value for the reference solid fuel at
100% power for LOFA. This is a significant achievement for the annular fuel over the standard
solid fuel.
For LBLOCA analysis with annular fuel at 150% power, various options for the accumulator
sizes and the safety injection flow rates were studied using RELAP5-3D. The code is capable of
calculating reflooding heat transfer on either the external surface or the internal surface of the
annular rod, but not on both, thus provides a conservative estimate of the reflooding capability. It
has been found that the peak cladding temperature (PCT) for the annular fuel at 150% power and
applying the reflood model on the outer channels would be around 12000 K (9270 C) using the
standard size (100%) accumulator but increasing the safety injection flow rate to 150%. This
temperature (927 0 C) is about 150 0 C higher than the PCT for the solid fuel at 100% power, but
about 2770 C lower than the regulatory limit of 12040 C. "The PCT will be around 110"0 oK if the
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reflood model is applied on the inner channel of the annular fuel, which would be only 50 'K
higher than the reference fuel at 100% power.
In conclusion, the internally and externally cooled annular fuel can be designed with the
potential to uprate the PWR power density by 50%, with core flow rate proportionally increased.
8.3 SPIRAL CROSS-GEOMETRY RODS
Thermal hydraulically, the spiral cross-geometry fuel design is one that best meets the
merits for high power density fuel design, including larger cooling surface area, low fuel
temperature, large rod stiffness and open lattice. The drawback of the spiral cross-geometry fuel
design is the manufacture feasibility and cost. A spiral cross-geometry fuel assembly was found
to fit in the current assembly dimension. The best design is 17x17 assembly size with two
complete spiral pitches along the fuel length. Thus, the rods will be supported at 9 points,
including the inlet and exit. This design has about 40% more cooling surface area, and the rods
have more than twice of the moment of inertia than that of the reference cylindrical fuel design.
Thermal hydraulic calculations of the spiral cross-geometry fuel were performed by VIPRE
whole core model with the cylindrical fuel geometry simplification and the FEMLAB code to
estimate the lateral inhomogeneity of the heat flux. It was found that the cross-geometry fuel
design could allow uprating the core power density by 50% with large MDNBR margin and low
fuel temperature, when the core flow rate is proportionally increased. From a purely thermal
hydraulic point of view, the spiral cross-geometry fuel is better than the internally and externally
cooled annular fuel due to the absence of isolated channels. Nevertheless, there is large
uncertainty about the effects of twisting on fuel performance and the feasibility of achieving a
small gap thickness that will allow insertion of fuel pellets in the twisted clad. Furthermore, there
is a large uncertainty about the cost of manufacturing the spiral cross-geometry fuel if an oxide
fuel is used. If metallic fuel is found acceptable in LWR conditions, the problem of fuel
manufacturing would be eliminated, since extrusion can be easily applied for a metallic fuel and
clad.
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8.4 RECOMMENDATION FOR FUTURE STUDIES
Analysis of the LOCA accidents using RELAP would become more accurate if the reflood
model can be applied on both the inner and outer surfaces simultaneously. Therefore, the code
capability should be enhanced to accomplish this task.
It is recommended that fuel performance analyses for the high power density fuels be
performed in the future to verify the integrity of the fuel rods. It has already been recognized that
the main uncertainty for the annular fuel is the heat split that is affected by the gap conductances.
For the cross-geometry fuel, the azimuthal temperature gradient may cause the fuel to crack
which needs to be analyzed in the future.
There are more uncertainties and assumptions associated with the designing of the spiral
cross-geometry fuel rods, which need to be investigated experimentally in the future. These may
include the manufacturing feasibility and cost of the fuel rods and CHF in the twisted flow
channels. A serious examination of the possibility of using metallic fuel for LWRs is needed.
Safety analyses should be performed for the spiral cross-geometry fuel in the future.
Economic analysis should be performed in the future to identify the best high power density
fuel designs for lowering the cost of nuclear power. This may involve different strategies for
existing power plants and future plants. The best fuel design will be identified by balancing the
power density uprate potential and the cost of manufacturing the fuel design.
This work has focused on the PWR. A similar investigation of innovative fuel for increased
power in BWRs would be beneficial.
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Appendix A
INPUT FOR VIPRE-01 OF THE WHOLE CORE MODEL FOR THE RFERENCE
WESTINGHOUSE 4-LOOP PWR WITH 17X17 FUEL ASSEMBLY DESIGN
* Westinghouse 4-loop PWR *
* 17x17 Fuel Assembly Design *
* 118% reference power *
* 2 'C increase coolant inlet temperature *
* 95% of effective core flow rate *
* 24 channels and 29 rods with 24 axial nodes *
* 0.0% power deposited directly in coolant *
* Turbulent momentum factor, FTM= 0.0 *
* Turbulent mixing model, f = 0.0 *
* Author: Dandong Feng *
* Date of Creation: August 14 th, 2002 *
1,0,0, *vipre. 1
Westinghouse 17x17 PWR, 1/8 core *vipre.2
geom,24,24,24,0,0,0, *geom. 1
144.0,0.0,0.5, *geom.2
**********Channel data and Channel Connection Information*********************** *
* 24 Channels *
1,0.13687,1.17773,1.17773,4,3,0.1224,0.4144,4,0.1224,0.4972,5,0.1224,0.4144,? *geom.4
7,0.1224,0.4972,
2,0.11885,1.26186,0.88329,4,3,0.0688,0.4144,4,0.1224,0.4972,9,0.0688,0.4144,?
11,0.1224,0.7459,
3,0.05943,0.63093,0.44165,
4,0.13687,1.17773,1.17773,2,6,0.1224,0.4144,11,0.1224,0.7459,
5,0.05943,0.63093,0.44165,1,8,0.0688,0.4144,
6,0.11885,1.26186,0.88329,3,7,0.0688,0.4972,11,0.1224,0.7459,12,0.0688,0.8730,
7,0.11885,1.26186,0.88329,2,8,0.1224,0.4972,12,0.0688,0.8730,
8,0.11885,1.26186,0.88329,2,10,0.0688,0.4144,12,0.1224,0.8730,
9,0.05943,0.63093,0.44165,1,11,0.1224,0.6630,
10,0.05943,0.63093,0.44165,1,12,0.1224,0.7902,
11,0.61594,5.29977,5.29977,2,13,0.6118,0.4972,14,0.1224,1.2431,
12,0.57989,5.46804,4.71090,2,14,0.1224,1.4917,16,0.6118,0.6244,
13,0.68973,6.77197,5.44698,1,14,0.0688,1.4917,
14,0.25573,2.43959,2.06102,1,15,0.2447,0.6244,
15,0.41630,3.53318,3.53318,2,16,0.1893,1.9890,17,0.2447,2.4919,
16,1.1990,10.1579,10.1579,1,17,0.7342,2.4919,
17,9.487,87.194,77.730,2,18,1.0458,4.2323,19,1.0458,4.9377,
18,9,487,87.194,77.730,2,19,1.0458,4.9377,20,1.0458,6.7014,.
19,18.974,174.388,155.460,1,21,2.0916,7.4068,
233
20,18.974,174.388,155.460,2,21,2.0916,6.3484,23,1.0458,13.5027,
21,37.948,348.777,310.920,2,22,2.0916,7.0538,23,2.0916,13.5027,
22,18.974,174.388,155.460,1,23,2.0916,12.0919,
23,265.633,2441.436,2176.438,1,24,9.4121,19.5108,
24,531.265,4882.871,4352.876, *geom.4
prop,0,0,2,1, *prop. 1
*Water Property:
* Fluid property directly calculated by EPRI water properties function
* Evaluate water property at the local pressure
rods,1,29,1,2,0,0,0,0,0,0,0, *rods. 1
0,0.0,0,0, *rods.2
-1, *rods.3
1.55, *rods.5
*Axial Power Peaking factor = 1.55
*****************Fuel rod data and connection to channels*************************
* 29 rods *
1,1,1.6500,1,1,0.25,2,0.25,3,0.25,4,0.25, *rods.9
2,1,1.6500,1,1,0.25,5,0.25,7,0.25,8,0.25,
3,1,1.6480,1,1,0.25,4,0.25,6,0.25,7,0.25,
4,1,1.6310,1,1,0.25,3,0.125,5,0.125,
5,2,0.0000,1,2,0.25,3,0.125,9,0.125,
6,2,0.0000,1,5,0.125,8,0.25,10,0.125,
7,1,1.6050,1,9,0.125,11,0.375,
8,1,1.6410,1,2,0.25,9,0.25,11,0.5,
9,1,1.6070,1,2,0.25,4,0.25,11,0.5,
10,1,1.6030,1,4,0.25,6,0.25,11,0.5,
11,1,1.6200,1,6,0.25,11,0.25,12,0.25,14,0.25,
12,2,0.0000,1,6,0.25,7,0.25,12,0.5,
13,1,1.6240,1,7,0.25,8,0.25,12,0.5,
14,1,1.6010,1,8,0.25,10,0.25,12,0.5,
15,1,1.5410,1,10,0.125,12,0.375,
16,1,1.6111,1,11,2.375,
17,1,1.5423,1,12,2.375,
18,1,1.3616,1,13,5.5,
19,1,1.3593,1,14,1.75,
20,1,1.5444,1,15,3,
21,1,1.6002,1,16,8.625,
22,1,1.4497,1,17,72.25,
23,1,1.4497,1,18,72.25,
24,1,1.4497,1,19,144.5,
25,1,1.2624,1,20,144.5,
26,1,1.1519,1,21,289,
27,1,1.1199,1,22,144.5,
28,1,0.8596,1,23,2023,
29,1,0.8605,1,24,4046, *rods.9
0, *blank line for termination" for rods input *rods.9
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1,nucl,0.37488,0.325,8,0.0,0.0225,
*Define as nuclear fuel rods
0,0,0,0,0,2000,0.95,0.0,
*95% fuel theoretical density fraction
2,dumy,0.4820,0.0,0,
*Define guide tubes as dummy rods
oper, 1,1,-1,1,0,1,0,0,0,
-1.0,1.3,0.0,0.005,0,
0,
2248.1,562.46,4633.794,78.9955,0.0,
*Operating Data:
* Outlet pressure: 15.5 MPa
* Inlet Temperature: 294.7 'C
* Core Flow Rate: 2.102 M
* Core Power: 78.9955
*rods.62
*rods.63
*rods.68
*oper. 1
*oper.2
*oper.3
*oper.5
(Increased by 2 'C)
g/s (1/8 of 95% of the effective flow rate of 17.7 Mg/s)
kW/rod (118% of 3411 MW)
0, *no forcing functions
corr,1,1,0,
epri,epri,epri,none,
0.2,
ditb,thsp,thsp,w-31,cond,g5.7, *correlations for boiling curve
w-31, *dnb analysis by w-31
0.042,0.066,0.986, *w-31 input data
drag,1,1,4,
0.316,-0.25,0.0,64.0,- 1.0,0.0, *axial friction correlation
0.3749,0.497,
3.098,-0.2,0.0,3.098,-0.2,0.0, * lateral drag correlation
grid,0,3,
0.6,0.4,1.0,
*Loss Coefficient, grid: 0.6; inlet: 0.4; outlet: 1.0.
-1,9,
0.0,2,12.0,1,32.0,1,52.0,1,72.0,1,92.0,1,112.0,1,132.0,1,
144.0,3, *grid location
cont,
0.0,0,80,50,3,0, *iterative solution
0.0,0.0,0.0,0.0,0.0,0.9,1.5,1.0,
5,2,0,1,2,0,1,1,0,0,0,1,0,0,
1000.,0.0,0.0,0.0,0.0,0.0,
1,2,
1,2,
*op(
* corr. 1
*corr.2
*corr.3
*corr.6
*corr.9
*corr. 11
*drag. 1
*drag.2
*drag.7
*drag.8
*grid. I
*grid.2
*grid.4
*grid.6
*grid.6
*cont.1
*cont.2
*cont.3
*cont.6
*cont.7
*cont.8
*cont. 10
*cont. 11
endd,
*end of data input
0,
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er. 12
1
1,2,
Appendix B
INPUT FOR VIPRE-01 OF THE WHOLE CORE MODEL FOR THE RFERENCE
WESTINGHOUSE 4-LOOP PWR WITH 19X19 FUEL ASSEMBLY DESIGN
* Westinghouse 4-loop PWR *
* 19x19 Fuel Assembly Design *
* 2 'C increase coolant inlet temperature *
* 95% of effective core flow rate *
* Power iterate to MDNBR = 1.463 *
* 22 channels and 27 rods with 24 axial nodes *
* 0.0% power deposited directly in coolant *
* Turbulent momentum factor, FTM= 0.0 *
* Turbulent mixing model, f = 0.0 *
* Author: Dandong Feng *
* Date of Creation: May 3rd, 2004 *
1,0,0, *vipre. 1
Westinghouse 19x 19 PWR, 1/8 core *vipre.2
geom,24,24,24,0,0,0, *geom.1
144.0,0.0,0.5, *geom.2
**********Channel data and Channel Connection Information*********************** *
* 22 Channels *
1,0.10934,1.05503,1.05503,4,3,0.1091,0.3707,4,0.1091,0.4449,5,0.1091,0.3707, *geom.4
7,0.1091,0.4449,
2,0.08587,1.16984,0.79127,4,3,0.0360,0.3707,4,0.1091,0.4449,9,0.0360,0.3707,
11,0.1091,0.6673,
3,0.04293,0.58492,0.39564,
4,0.10934,1.05503,1.05503,2,6,0.1091,0.3707,11,0.1091,0.6673,
5,0.04293,0.58492,0.39564,1,8,0.0360,0.3707,
6,0.08587,1.16984,0.79127,3,7,0.0360,0.4449,11,0.1091,0.6673,12,0.0360,0.7815,
7,0.08587,1.16984,0.79127,2,8,0.1091,0.4449,12,0.0360,0.7815,
8,0.08587,1.16984,0.79127,2,10,0.0360,0.3707,12,0.1091,0.7815,
9,0.04293,0.58492,0.39564,1,11,0.1091,0.5932,
10,0.04293,0.58492,0.39564,1,12,0.1091,0.7073,
11,0.49204,4.74764,4.74764,2,13,0.5453,0 .4449,14,0.1091,1.1122,
12,0.44510,4.97726,4.22012,2,14,0.1091,1.3346,16,0.5453,0.7815,
13,0.51923,6.20451,4.87952,1,14,0.0360,1.3346,
14,0.19521,2.22487,1.84630,1,15,0.2181,0.7815,
15,0.55197,5.27515,5.27515,2,16,0.2785,1.7795,17,0.2181,2.4528,
16,1.7282,16.4849,16.4849,1,17,0.7634,2.6752,
17,9.331,98.087,88.623,2,18,1.3778,4.2323,19,1.3778,4.9377,
18,9.331,98.087,88.623,2,19,1.3778,4.9377,20,1.3778,6.7014,
.19,18.663,196.174,177.245,1,20,2.7555,7.4068,
20,74.650,784.694,708.981,1,21,6.8888,13.1497,
236
21,261.277,2746.430,2481.433,1,22,12.3998,19.5108,
22,522.553,5492.861,4962.865, *geom.4
prop,0,0,2,1, *prop. 1
*Water Property:
* Fluid property directly calculated by EPRI water properties function
* Evaluate water property at the local pressure
rods,1,27,1,2,0,0,0,0,0,0,0, *rods. 1
0,0.0,0,0, *rods.2
-1, *rods.3
1.55, *rods.5
*Axial Power Peaking factor = 1.55
*****************Fuel rod data and connection to channels********** *****************
* 27 rods
1,1,1.6500,1,1,0.25,2,0.25,3,0.25,4,0.25,
2,1,1.6500,1,1,0.25,5,0.25,7,0.25,8,0.25,
3,1,1.6480,1,1,0.25,4,0.25,6,0.25,7,0.25,
4,1,1.6310,1,1,0.25,3,0.125,5,0.125,
5,2,0.0000,1,2,0.25,3,0.125,9,0.125,
6,1,1.5410,1,5,0.125,8,0.25,10,0.125,
7,1,1.6050,1,9,0.125,11,0.375,
8,1,1.6410,1,2,0.25,9,0.25,11,0.5,
9,1,1.6070,1,2,0.25,4,0.25,11,0.5,
10,1,1.6030,1,4,0.25,6,0.25,11,0.5,
11,1,1.6200,1,6,0.25,11,0.25,12,0.25,14,0.25,
12,2,0.0000,1,6,0.25,7,0.25,12,0.5,
13,1,1.6240,1,7,0.25,8,0.25,12,0.5,
14,1,1.6010,1,8,0.25,10,0.25,12,0.5,
15,2,0.0000,1,10,0.125,12,0.375,
16,1,1.6111,1,11,2.375,
17,1,1.5423,1,12,2.375,
18,1,1.6192,1,13,4.625,
19,1,1.5858,1,14,1.5,
20,1,1.5615,1,15,5,
21,1,1.5943,1,16,15.625,
22,1,1.5870,1,17,84,
23,1,1.5870,1,18,84,
24,1,1.5870,1,19,168,
25,1,1.2825,1,20,672,
26,1,0.9410,1,21,2352,
27,1,0.9420,1,22,4704, *rods.9
0, *blank line for termination of rods input *rods.9
1 ,nucl,0.3358,0.28594,8,0.0,0.0 22 5, *rods.62
*Define as nuclear fuel rod
0,0,0,0,0,1000,0.95,0.0, *rods.63
*95% fuel theoretical density fraction
2,dumy,0.4820,0.0,0, *rods.68
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*Define guide tube as dummy rod
oper, 1,1,0,1,4,1,0,0,0,
-1.0,1.463,0.0,0.005,0,
*power iterate to MDNBR = 1.463
0,
2248.1,562.46,4633.79,69.516,0,
*Operating Data:
* Outlet pressure: 15.5 M
* Inlet Temperature: 294.7
* Core Flow Rate: 2.102
* Core Power: iterate
0, *no forcing
corr, 1,1,0,
epri,epri,epri,none,
[Pa
'C (Increased by 2 'C)
Mg/s (1/8 of 95% of the effective flow rate of 17.7 Mg/s)
to MDNBR = 1.463
functions *op(
0.2,
ditb,thsp,thsp,w-31,cond,g5.7, *correlation for boiling curve
w-31, *dnb analysis by w-31
0.042,0.066,0.986, *w-31 input data
drag,1,1,4,
0.316,-0.25,0.0,64.0,-1.0,0.0, *axial friction correlation
0.3358,0.44488,
3.098,-0.2,0.0,0.0,0.0,0.5, * lateral drag correlation
grid,0,3,
0.6,0.4,1.0,
*Loss Coefficient, grid: 0.6; inlet: 0.4; outlet: 1.0.
-1,9,
0.0,2,12.0079,1,32.0079,1,52.0079,1,72.0079,1,92.0079,1,112.0079,1,132.0079,1,
144.0945,3, *grid location
0,
cont,
0.0,0,150,50,3,0, *iterative solution
0.0,0.0,0.0,0.0,0.0,0.9,1.5,1.0
*0,0,0,1,2,0,1,1,0,0,0,1,0,0
0,2,0,1,2,0,1,1,0,0,0,1,0,0
1000.,0.0,0.0,0.0,0.0,0.0
1,2,
1,
1,2,
endd,
*end of data input
0,
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*oper. 1
*oper.2
*oper.3
*oper.5
er.12
*corr.1
*corr.2
*corr.3
*corr.6
*corr.9
*corr. 11
*drag.1
*drag.2
*drag.7
*drag.8
*grid.
*grid.2
*grid.4
*grid.6
*grid.6
*cont. 1
*cont.2
*cont.3
*cont.6
*cont.6
*cont.7
*cont.8
*cont.10
*cont. 11
Appendix C
INPUT FOR VIPRE-01 OF THE WHOLE CORE MODEL FOR THE RFERENCE
WESTINGHOUSE 4-LOOP PWR WITH 13X13 ANNULAR FUEL ASSEMBLY
***************************************************************************
* Westinghouse 4-loop PWR *
* 13x13 Annular Fuel Assembly Design PQN-02 *
* 150% reference power with 18% overpower *
* 2 'C increase coolant inlet temperature *
* 150% reference effective core flow rate *
* 49 channels and 23 rods with 16 axial nodes *
* 0.0% power deposited directly in coolant *
* Turbulent momentum factor, FTM= 0.0 *
* Turbulent mixing model, f = 0.0 *
* Author: Dandong Feng *
* Date of Creation: September 24 th, 2002 *
1,0,0, *vipre. 1
1/8 core, 13x13 PQNO2 annular pins, *vipre.2
geom,49,49,16,0,0,0, *normal geometry input *geom. 1
144.0,0.0,0.5, *geom.2
**********Channel data and Channel Connection Information*********************** *
* 49 Channels
****outer channels****
1,0.0675,0.9503,0.7127,1,2,0.045,0.542,
2,0.1350,1.9007,1.9007,2,3,0.045,0.542,4,0.045,0.650,
3,0.0675,0.9503,0.9503,1,5,0.045,0.542,
4,0.1350,1.9007,1.9007,2,5,0.045,0.650,7,0.045,0.650,
5,0.1350,1.9007,1.9007,2,6,0.045,0.542,8,0.045,0.650,
6,0.0675,0.9503,0.9503,1,9,0.045,0.542,
7,0.1350,1.9007,1.9007,2,8,0.045,0.650,11,0.045,0.650,
8,0.1350,1.9007,1.4255,2,9,0.045,0.650,12,0.045,0.650,
9,0.1350,1.9007,1.4255,2,10,0.045,0.542,13,0.045,0.650,
10,0.0675,0.9503,0.9503,1,14,0.045,0.542,
11,0.1350,1.9007,1.9007,2,12,0.045,0.650,16,0.045,0.650,
12,0.1350,1.9007,1.4255,2,13,0.045,0.650,16,0.045,0.650,
13,0.1350,1.9007,1.4255,2,14,0.045,0.650,16,0.045,0.650,
14,0.1350,1.9007,1.9007,2,15,0.045,0.542,17,0.045,0.650,
15,0.0675,0.9503,0.9503,1,17,0.045,0.542,
16,0.4051,5.7020,5.7020,2,17,0.045,1.842,18,0.135,0.657,
17,0.3376,4.7517,4.7517,1,18,0.135,0.657,
18,0.9440,12.35430268,12.3543,1,19,0.300,2.282,
19,5.294,74.126,69.849,2,20,0.300,4.232,21,0.270,4.938,
20,5.766,80.303,76.026,2,21,0.300,4.938,22,0.300,6.348, .
21,11.514,160.368,151.815,1,23,0.600,7.054,
239
22,11.533,160.606,152.053,2,23,0.600,6.348,25,0.300,12.697,
23,23.066,321.212,304.106,2,24,0.600,7.054,25,0.600,12.697,
24,11.533,160.606,152.053,1,25,0.600,11.286,
25,161.459,2248.483,2128.741,1,26,2.698,19.499,
26,322.92,4496.97,4257.48,
****inner channels****
27,0.0454,0.5339,0.5339,
28,0.0454,0.5339,0.5339,
29,0.0454,0.5339,0.5339,
30,0.0907,1.0678,1.0678,
31,0.0454,0.5339,0.5339,
32,0.0454,0.5339,0.5339,
33,0.0907,1.0678,1.0678,
34,0.0907,1.0678,1.0678,
35,0.0454,0.5339,0.5339,
36,0.0454,0.5339,0.5339,
37,0.0907,1.0678,1.0678,
38,0.0907,1.0678,1.0678,
39,0.0454,0.5339,0.5339,
40,0.4536,5.3388,5.3388,
41,0.5444,6.4066,6.4066,
42,3.629,42.711,42.711,
43,3.629,42.711,42.711,
44,7.258,85.422,85.422,
45,7.258,85.422,85.422,
46,14.517,170.843,170.843,
47,7.258,85.422,85.422,
48,101.62,1195.90,1195.90,
49,203.23,2391.80,2391.80, *geom.4
prop,0,0,2,1, *internal EPRI functions *prop. 1
*Water Property:
* Fluid property directly calculated by EPRI water properties function
rods, l,46,1,1,4,0,0,0,0,0,0, *three material types,one type of geo. *rods. I
0.0,0.0,0,0, *rods.2
-1, *rods.3
1.55, *chopped cosine, with peak to average=1.55 *rods.5
*****************Fuel rod data and connection to channels*************************
* 23 rods, minus sign means channel receive heat from the inside surface of the rod
1,1,1.657,1,1,0.25,2,0.25,
-1,1,1.657,1,27,0.5,
2,1,1.582,1,1,0.125,2,0.25,3,0.125,
-2,1,1.582,1,28,0.5,
3,1,1.544,1,2,0.25,4,0.25,
-3,1,1.544,1,29,0.5,
4,1,1.557,1,2,0.25,3,0.25,4,0.25,5,0.25,
-4,1,1.557,1,30,1,
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5,1,1.576,1,3,0.125,5,0.25,6,0.125,
-5,1,1.576,1,31,0.5,
6,1,1.544,1,4,0.25,7,0.25,
-6,1,1.544,1,32,0.5,
7,1,1.587,1,4,0.25,5,0.25,7,0.25,8,0.25,
-7,1,1.587,1,33,1,
8,1,1.685,1,5,0.25,6,0.25,8,0.25,9,0.25,
-8,1,1.685,1,34,1,
9,1,1.655,1,6,0.125,9,0.25,10,0.125,
-9,1,1.655,1,35,0.5,
10,1,1.557,1,7,0.25,11,0.25,
-10,1,1.557,1,36,0.5,
11,1,1.66,1,7,0.25,8,0.25,11,0.25,12,0.25,
-11,1,1.66,1,37,1,
12,1,1.668,1,9,0.25,10,0.25,13,0.25,14,0.25,
-12,1,1.668,1,38,1,
13,1,1.554,1,10,0.125,14,0.25,15,0.125,
-13,1,1.554,1,39,0.5,
14,1,1.586,1,11,0.5,12,0.5,13,0.25,16,2.5,18,1.25,
-14,1,1.586,1,40,5,
15,1,1.554,1,13,0.25,14,0.5,15,0.375,16,0.5,17,2.5,?
18,1.875,
-15,1,1.554,1,41,6,
16,1,1.587,1,18,3.25,19,36.75,
-16,1,1.587,1,42,40,
17,1,1.587,1,20,40,
-17,1,1.587,1,43,40,
18,1,1.587,1,18,0.125,21,79.875,
-18,1,1.587,1,44,80,
19,1,1.382,1,22,80,
-19,1,1.382,1,45,80,
20,1,1.261,1,23,160,
-20,1,1.261,1,46,160,
21,1,1.226,1,24,80,
-21,1,1.226,1,47,80,
22,1,0.941,1,25,1120,
-22,1,0.941,1,48,1120,
23,1,0.942,1,26,2240,
-23,1,0.942,1,49,2240, *rods.9
0, *rods.9
1,tube,0.605,0.33988189,5, *rods.68
*Define fuel rod as heat generating tube with 5 regions
2,1,0.0225000,0.0,? *inner cladding *rods.69
2,2,0.0024409,0.0,? *inner gap *rods.69
8,3,0.0826772,1.0,? *fuel ring *rods.69
2,4,0.0024409,0.0, *outer gap *rods.69
241
2,1,0.0225000,0.0, *outer cladding *rods.69
***************************material properties input table************************
**** Zircaloy ***
1,17,409.0,clad,
0.0,0.0671,7.3304509,?
25,0.0671,7.3304509,
50,0.0671,7.33045093,?
65,0.0671,7.33045093,
80.33,0.0671,7.33045093,?
260.33,0.07212,8.11585329,
692.33,0.07904,9.80167423,?
1502.33,0.08955,13.2923001,
1507.73,0.11988,13.3211893,?
1543.73,0.14089,13.5166505,
1579.73,0.14686,13.717249,?
1615.73,0.1717,13.9231981,
1651.73,0.1949,14.1347101,?
1687.73,0.18388,14.3519980,
1723.73,0.1478,14.5752746,?
1759.73,0.112,14.804753,
1786.73,0.085,14.9810589,
****** inner gap ******
2,1,0.025,igap,
1,1.240834,0.2135784, *Cp=5195J/kg-K *gap conductance = 6000 W/m2.K
***** uranium oxide *****
3,22,650.617,FUO2,
86,0.05677357,4.73275874,?
176,0.06078589,4.29917259,
266,0.06366347,3.93877428,?
356,0.06581210,3.63454049,
446,0.06747631,3.37435643,?
536,0.06880819,3.1493668,
626,0.06990545,2.95294976,?
716,0.07083283,2.78005572,
806,0.07163441,2.62676801,?
896,0.07234099,2.49000319,
986,0.07297458,2.36730189,?
1076,0.07355124,2.25667975,
1166,0.07408294,2.1565193,?
1256,0.07457886,2.06549023,
1346,0.07504628,1.98248979,?
1436,0.07549123,1.90659753,
1526,0.0759191,1.83704065,?
1616,0.07633503,1.77316713,
1706,0.0767443,1.7144247,?
1796,0.07715268,1.66034425,
*rods.70
*rods.70
*rods.71
*rods.70
242
1886,0.07756663,1.61052668,?
1976,0.07799351,1.5646323,
****** outer gap *****
4,1,0.025,ogap,
1,1.240834,0.2139905, *Cp=5195J/kg-K *gap conductance = 6000 W/m2.K
oper,1,1,0,1,0,1,0,0,0,
-1.0,1.3,0.0,0.005,
0,
2248.12,562.46,7316.5
*Operating Data:
* Outlet pressure:
* Inlet Temperatu
* Core Flow Rate
* Core Power:
0,
corr,2,2,0,
epri,epri,epri,none,
0.2,
ditb,thsp,thsp,w-31,con
w-3s,w-31,
16,195.5139,0, *660.48,
15.5 MPa
ire: 294.7 'C (Increased by 2 'C)
3.3188 Mg/s (1/8 of 150% of the effective flow rate of 17.7 Mg/s)
195.5139 kW/rod (150% of 3411 MW with 18% overpower)
*no forcing functions *oper. 12
*corr. 1
*corr.2
*corr.3
d,g5.7, *correlation for boiling curve *corr.6
*dnb analysis by w-31 *corr.9
0.0, *w-3s input data
0.042,0.066,0.986, *w-31 input data
drag,1,1,4,
0.32,-0.25,0.0,64.0,-1.0,0.0, *Axial pressure drop correlation
0.605,0.65,
7.333,-0.2,0.0,7.333,-0.2,0.0, *Lateral pressure drop correlation
grid,0,3,
0.6,0.4,1.0,
*Loss Coefficient, grid: 0.6; inlet: 0.4; outlet: 1.0.
******Local pressure loss coefficient for 26 outer channels***********
* Total 9 positions: 1 at the inlet, 7 grids and I at the outlet *
26,9,
1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,
17,18,19,20,21,22,23,24,25,26, *26 outer channels
0.0,2,12.007874,1,32.007874,1,52.007874,1,?
72.007874,1,92.007874,1,112.007874,1,132.007874,1,
144.0,3, *grid locations
******Local pressure loss coefficient for 23 inner channels***********
* Total 2 positions: 1 at the inlet and 1 at the outlet *
23,2,
27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,
43,44,45,46,47,48,49,
0.0,2,144.0,3,
0, *Termination of the grid input
cont,
0.0,0,500,150,3,0, *iterative solution
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*rods.71
*rods.70
*rods.71
*oper. 1
*oper.2
*oper.3
*oper.5
*corr. 10
*corr. 11
*drag,l
*drag.2
*drag.7
*drag.8
*grid. I1
*grid.2
*grid.4
*grid.5
*grid.5
*grid.6
*grid.6
*grid.6
*grid.4
*grid.5
*grid.5
*grid.6
*cont. 1
*cont.2
0.0,0.0,0.001,0.0,0.0,0.9,1.5,1.0, *cont.3
5,0,0,0,0,0,0,1,1,0,01,1,1, *cont.6
1000.,0.0,0.0,0.0,0.0,0.0, *cont.7
endd,
*end of data input
0,
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Appendix D
INPUT FOR VIPRE-01 OF THE WHOLE CORE MODEL FOR THE RFERENCE
WESTINGHOUSE 4-LOOP PWR WITH 12X12 ANNULAR FUEL ASSEMBLY
* Westinghouse 4-loop PWR *
* 12x12 Annular Fuel Assembly Design *
* 150% reference power with 18% overpower *
* 2 'C increase coolant inlet temperature *
* 150% reference effective core flow rate *
* 54 channels and 24 rods with 16 axial nodes *
* 0.0% power deposited directly in coolant *
* Turbulent momentum factor, FTM= 0.0 *
* Turbulent mixing model, fl= 0.0 *
* Author: Dandong Feng *
* Date of Creation: November 22th, 2002 *
1,0,0, *vipre.1
1/8 core, 12x12 annular pins, *vipre.2
geom,54,54,16,0,0,0, *normal geometry input *geom. 1
144.0,0.0,0.5, *geom.2
**********Channel data and Channel Connection Information*********************** *
* 54 Channels
****outer channels****
1,0.0987,1.2884,1.2884,2,2,0.0481,0.4696,3,0.0241,0.7043
2,0.0790,1.0307,1.0307,1,4,0.0481,0.5869,
3,0.0790,1.0307,1.0307,2,4,0.0481,0.5282,6,0.0241,0.7043
4,0.1579,2.0615,2.0615,2,5,0.0481,0.5869,7,0.0481,0.7043
5,0.0790,1.0307,1.0307,1,8,0.0481,0.5869,
6,0.0790,1.0307,1.0307,2,7,0.0481,0.5282,10,0.0241,0.7043
7,0.1579,2.0615,1.5461,2,8,0.0481,0.7043,11,0.0481,0.7043
8,0.1579,2.0615,1.5461,2,9,0.0481,0.5869,12,0.0481,0.7043
9,0.0790,1.0307,1.0307,1,13,0.0481,0.5869,
10,0.0790,1.0307,1.0307,2,11,0.0481,0.5282,15,0.0241,0.7043
11,0.1579,2.0615,1.5461,2,12,0.0481,0.7043,16,0.0481,0.7043
12,0.1579,2.0615,1.5461,2,13,0.0481,0.7043,17,0.0481,0.7043
13,0.1579,2.0615,2.0615,2,14,0.0481,0.5869,18,0.0481,0.7043
14,0.0790,1.0307,1.0307,1,19,0.0481,0.5869,
15,0.0790,1.0307,1.0307,2,16,0.0481,0.5282,21,0.0241,0.7106
16,0.1579,2.0615,2.0615,2,17,0.0481,0.7043,21,0.0481,0.7106
17,0.1579,2.0615,2.0615,2,18,0.0481,0.7043,21,0.0481,0.7106
18,0.1579,2.0615,2.0615,2,19,0.0481,0.7043,22,0.0481,0.7106
19,0.1579,2.0615,2.0615,2,20,0.0481,0.5869,22,0.0481,0.7106
20,0.0790,1.0307,1.0307,1,22,0.0481,0.5932,
21,0.4170,5.1536,5.1536,2,22,0.0607,2.1200,23,0.1204,2.2954
245
22,0.5883,7.2151,7.2151,1,23,0.1748,2.2954,
23,5.2354,68.0279,63.9050,2,24,0.2952,4.2323,25,0.2648,4.9377
24,5.7381,74.2123,70.0894,2,25,0.2952,4.9377,26,0.2952,6.3484
25,11.4541,148.1669,139.9211,1,27,0.5904,7.0538,
26,11.4761,148.4245,140.1787,2,27,0.5904,6.3484,29,0.2952,12.6969
27,22.9522,296.8491,280.3575,2,28,0.5904,7.0538,29,0.5904,12.6969
28,11.4761,148.4245,140.1787,1,29,0.5904,11.2861,
29,160.6654,2077.9436,1962.5023,1,30,2.6568,19.4987,
30,321.3308,4155.8872,3925.0046,
*****inner channels*****
31,0.0553,0.5895,0.5895,
32,0.1106,1.1791,1.1791,
33,0.0553,0.5895,0.5895,
34,0.1106,1.1791,1.1791,
35,0.1106,1.1791,1.1791,
36,0.0553,0.5895,0.5895,
37,0.1106,1.1791,1.1791,
38,0.1106,1.1791,1.1791,
39,0.0553,0.5895,0.5895,
40,0.1106,1.1791,1.1791,
41,0.1106,1.1791,1.1791,
42,0.1106,1.1791,1.1791,
43,0.1106,1.1791,1.1791,
44,0.0553,0.5895,0.5895,
45,0.3319,3.5373,3.5373,
46,0.2766,2.9477,2.9477,
47,3.7615,40.0889,40.0889,
48,3.7615,40.0889,40.0889,
49,7.5230,80.1778,80.1778,
50,7.5230,80.1778,80.1778,
51,15.0460,160.3557,160.3557,
52,7.5230,80.1778,80.1778,
53,105.3218,1122.4896,1122.4896,
54,210.6436,2244.9792,2244.9792, *geom.4
prop,0,0,2,1, *internal EPRI functions *prop. 1
*Water Property:
* Fluid property directly calculated by EPRI water properties function
rods, 1,48,1,1,4,0,0,0,0,0,0, *three material types,one type of geo. *rods.1
0.0,0.0,0,0, *rods.2
-1, *rods.3
1.55, *chopped cosine, with peak to average= 1.55 *rods.5
*****************Fuel rod data and connection to channels*************************
* 24 rods, minus sign means channel receive heat from the inside surface of the rod
1,1,1.578,1,1,0.375,2,0.125,
-1,1,1.578,1,31,0.5,
2,1,1.553,1,1,0.25,2,0.25,3,0.25,4,0.25,
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-2,1,1.553,1,32,1,
3,1,1.572,1,2,0.125,4,0.25,5,0.125,
-3,1,1.572,1,33,0.5,
4,1,1.583,1,3,0.25,4,0.25,6,0.25,7,0.25,
-4,1,1.583,1,34,1,
5,1,1.681,1,4,0.25,5,0.25,7,0.25,8,0.25,
-5,1,1.681,1,35,1,
6,1,1.651,1,5,0.125,8,0.25,9,0.125,
-6,1,1.651,1,36,0.5,
7,1,1.656,1,6,0.25,7,0.25,10,0.25,11,0.25,
-7,1,1.656,1,37,1,
8,1,1.664,1,8,0.25,9,0.25,12,0.25,13,0.25,
-8,1,1.664,1,38,1,
9,1,1.550,1,9,0.125,13,0.25,14,0.125,
-9,1,1.550,1,39,0.5,
10,1,1.577,1,10,0.25,11,0.25,15,0.25,16,0.25,
-10,1,1.577,1,40,1,
11,1,1.658,1,11,0.25,12,0.25,16,0.25,17,0.25,
-11,1,1.658,1,41,1,
12,1,1.577,1,12,0.25,13,0.25,17,0.25,18,
-12,1,1.577,1,42,1,
13,1,1.526,1,13,0.25,14,0.25,18,0.25,19,0.25,
-13,1,1.526,1,43,1,
14,1,1.512,1,14,0.125,19,0.25,20,0.125,
-14,1,1.512,1,44,0.5,
15,1,1.566,1,15,0.25,16,0.5,17,0.5,18,0.25,21,1.25,22,0.25
-15,1,1.566,1,45,3,
16,1,1.550,1,18,0.25,19,0.5,20,0.375,22,1.375,
-16,1,1.550,1,46,2.5,
17,1,1.587,1,21,1.25,22,1.75,23,31,
-17,1,1.587,1,47,34,
18,1,1.587,1,24,34,
-18,1,1.587,1,48,34,
19,1,1.587,1,22,0.125,25,67.875,
-19,1,1.587,1,49,68,
20,1,1.382,1,26,68,
-20,1,1.382,1,50,68,
21,1,1.261,1,27,136,
-21,1,1.261,1,51,136,
22,1,1.226,1,28,68,
-22,1,1.226,1,52,68,
23,1,0.941,1,29,952,
-23,1,0.941,1,53,952,
24,1,0.942,1,30,1904,
-24,1,0.942,1,54,1904, *rods.9
0, *rods.9
247
1,tube,0.6561811,0.375315,5, *rods.68
*Define fuel rod as heat generating tube with 5 regions
2,1,0.02250,0.0,? *inner cladding *rods.69
2,2,0.00244,0.0,? *inner gap *rods.69
8,3,0.09055,1.0,? *fuel ring *rods.69
2,4,0.00244,0.0 *outer gap *rods.69
2,1,0.02250,0.0 *outer cladding *rods.69
***************************material properties input table************************
**** Zircaloy ***
1,17,409.0,clad, *rods.70
0.0,0.0671,7.3304509,?
25,0.0671,7.3304509,
50,0.0671,7.33045093,?
65,0.0671,7.33045093,
80.33,0.0671,7.33045093,?
260.33,0.07212,8.11585329,
692.33,0.07904,9.80167423,?
1502.33,0.08955,13.2923001,
1507.73,0.11988,13.3211893,?
1543.73,0.14089,13.5166505,
1579.73,0.14686,13.717249,?
1615.73,0.1717,13.9231981,
1651.73,0.1949,14.1347101,?
1687.73,0.18388,14.3519980,
1723.73,0.1478,14.5752746,?
1759.73,0.112,14.804753,
1786.73,0.085,14.9810589,
****** inner gap ******
2,1,0.025,igap, *rods.70
1,1.240834, 0.213691, *Cp=5195J/kg-K *gap conductance = 6000 W/m2.K *rods.71
***** uranium oxide *****
3,22,650.617,FUO2, *rods.70
86,0.05677357,4.73275874,?
176,0.06078589,4.29917259,
266,0.06366347,3.93877428,?
356,0.06581210,3.63454049,
446,0.06747631,3.37435643,?
536,0.06880819,3.1493668,
626,0.06990545,2.95294976,?
716,0.07083283,2.78005572,
806,0.07163441,2.62676801,?
896,0.07234099,2.49000319,
986,0.07297458,2.36730189,?
1076,0.07355124,2.25667975,
1166,0.07408294,2.1565193,?
1256,0.07457886,2.06549023,
248
1346,0.07504628,1.98248979,?
1436,0.07549123,1.90659753,
1526,0.0759191,1.83704065,?
1616,0.07633503,1.77316713,
1706,0.0767443,1.7144247,?
1796,0.07715268,1.66034425,
1886,0.07756663,1.61052668,?
1976,0.07799351,1.5646323,
****** outer gap *****
4,1,0.025,ogap,
1,1.240834, 0.214069, *Cp=5195J/kg-K *gap conductance = 6000 W/m2.K
oper,1,1,0,1,0,1,0,0,0,
-1.0,1.3,0.0,0.005,
0,
2248.12,562.46,7316.5
*Operating Data:
* Outlet pressure
* Inlet Temperati
* Core Flow Rati
* Core Power:
0,
corr,2,2,0,
epri,epri,epri,none,
0.2,
ditb,thsp,thsp,w-31,con
w-3s,w-31,
0.0,
0.042,0.066,0.986,
16, 230.016,0.0,
15.5 MPa
ure: 294.7 'C (Increased by 2 'C)
e: 3.3188 Mg/s (1/8 of 150% of the effective flow rate of 17.7 Mg/s)
230.016 kW/rod (150% of 3411 MW with 18% overpower)
*no forcing functions *oper
*col
*co:
*coJ
ld,g5.7, *correlation for boiling curve *co:
*dnb analysis by w-31
*w-3s input data
*w-31 input data
drag,1,1,4,
0.32,-0.25,0.0,64.0,-1.0,0.0, *Axial pressure drop correlation
0.65618,0.70433,
7.333,-0.2,0.0,7.333,-0.2,0.0, *Lateral pressure drop correlation
grid,0,3,
0.6,0.4,1.0,
*Loss Coefficient, grid: 0.6; inlet: 0.4; outlet: 1.0.
******Local pressure loss coefficient for 26 outer channels***********
* Total 9 positions: 1 at the inlet, 7 grids and I at the outlet *
30,9,
1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,
17,18,19,20,21,22,23,24,25,26,27,28,29,30,
0.0,2,12.007874,1,32.007874,1,52.007874,1,?
72.007874,1,92.007874,1,112.007874,1,132.007874,1,
144.0,3, *grid locations
******Local pressure loss coefficient for 23 inner channels***********
* Total 2 positions: 1 at the inlet and I at the outlet *
-24,2,
249
*rods.71
*rods.70
*rods.71
*oper. 1
*oper.2
*oper.3
*oper.5
.12
rr. 1
rr.2
rr.3
rr.6
*corr.9
*corr. 10
*corr. 11
*drag,l
*drag.2
*drag.7
*drag.8
*grid.1
*grid.2
*grid.4
*grid.5
*grid.5
*grid.6
*grid.6
*grid.6
*grid.4
31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46, *grid.5
47,48,49,50,51,52,53,54, *grid.5
0.0,2,144.0,3, *grid.6
0, *Termination of the grid input
cont, *cont. 1
0.0,0,750,150,3,0, *iterative solution *cont.2
0.0,0.0,0.001,0.0,0.0,0.9,1.5,1.0, *cont.3
5,0,0,0,0,0,1,10,0,,0, 1,1,1, *cont.6
1000.,0.0,0.0,0.0,0.0,0.0, *cont.7
endd,
*end of data input
0,
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Appendix E
INPUT FOR VIPRE-01 OF THE WHOLE CORE MODEL FOR THE RFERENCE
WESTINGHOUSE 4-LOOP PWR WITH 14X14 ANNULAR FUEL ASSEMBLY
* Westinghouse 4-loop PWR *
* 14x14 Annular Fuel Assembly Design *
* 150% reference power with 18% overpower *
* 2 'C increase coolant inlet temperature *
* 150% reference effective core flow rate *
* 60 channels and 29 rods with 16 axial nodes *
* 0.0% power deposited directly in coolant *
* Turbulent momentum factor, FTM= 0.0 *
* Turbulent mixing model, f = 0.0 *
* Author: Dandong Feng *
* Date of Creation: November 2 6th, 2002 *
1,0,0, *vipre. 1
1/8 core, 14x14 annular pins, *vipre.2
geom,60,60,16,0,0,0, *normal geometry input *geom. 1
144.0,0.0,0.5, *geom.2
**********Channel data and Channel Connection Information*********************** *
* 60 Channels
****outer channels****
1,0.0741,1.0982,1.0982,2,2,0.0442,0.4024,3,0.0221,0.6035
2,0.0593,0.8786,0.8786,1,4,0.0442,0.5030,
3,0.0593,0.8786,0.8786,2,4,0.0442,0.4527,6,0.0221,0.6035
4,0.1186,1.7572,1.7572,2,5,0.0442,0.5030,7,0.0442,0.6035
5,0.0593,0.8786,0.8786,1,8,0.0442,0.5030,
6,0.0593,0.8786,0.8786,2,7,0.0442,0.4527,10,0.0221,0.6035
7,0.1186,1.7572,1.3179,2,8,0.0442,0.6035,11,0.0442,0.6035
8,0.1186,1.7572,1.3179,2,9,0.0442,0.5030,12,0.0442,0.6035
9,0.0593,0.8786,0.8786,1,13,0.0442,0.5030,
10,0.0593,0.8786,0.8786,2,11,0.0442,0.4527,15,0.0221,0.6035
11,0.1186,1.7572,1.3179,2,12,0.0442,0.6035,16,0.0442,0.6035
12,0.1186,1.7572,1.3179,2,13,0.0442,0.6035,17,0.0442,0.6035
13,0.1186,1.7572,1.7572,2,14,0.0442,0.5030,18,0.0442,0.6035
14,0.0593,0.8786,0.6589,1,19,0.0442,0.5030,
15,0.0593,0.8786,0.8786,2,16,0.0442,0.4527,21,0.0221,0.6035
16,0.1186,1.7572,1.7572,2,17,0.0442,0.6035,21,0.0442,0.6035
17,0.1186,1.7572,1.7572,2,18,0.0442,0.6035,21,0.0442,0.6035
18,0.1186,1.7572,1.7572,2,19,0.0442,0.6035
19,0.1186,1.7572,1.3179,2,20,0.0442,0.5030,22,0.0442,0.6035
20,0.0593,0.8786,0.6589,1,22,0.0442,0.5030,
21,0.4149,6.1502,6.1502,2,22,0.0442,1.8207,23,0.1547,0.6110
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22,0.2964,4.3930,4.3930,1,23,0.1326,0.6110,
23,0.8977,12.3003,12.3003,1,24,0.3170,2.2708,
24,5.4235,79.9520,74.6805,2,25,0.3170,4.2323,26,0.2874,4.9377
25,5.8723,86.1022,80.8306,2,26,0.3170,4.9377,27,0.3170,6.3484
26,11.7275,171.9848,161.4416,1,28,0.6339,7.0538,
27,11.7446,172.2044,161.6613,2,28,0.6339,6.3484,30,0.3170,12.6969
28,23.4893,344.4088,323.3225,2,29,0.6339,7.0538,30,0.6339,12.6969
29,11.7446,172.2044,161.6613,1,30,0.6339,11.2861,
30,164.4250,2410.8616,2263.2578,1,31,2.8527,19.4987,
31,328.8500,4821.7232,4526.5157,
****inner channels****
32,0.0345,0.4659,0.4659,
33,0.0691,0.9317,0.9317,
34,0.0345,0.4659,0.4659,
35,0.0691,0.9317,0.9317,
36,0.0691,0.9317,0.9317,
37,0.0345,0.4659,0.4659,
38,0.0691,0.9317,0.9317
39,0.0691,0.9317,0.9317
40,0.0345,0.4659,0.4659
41,0.0691,0.9317,0.9317
42,0.0691,0.9317,0.9317
43,0.0691,0.9317,0.9317
44,0.0691,0.9317,0.9317
45,0.0691,0.9317,0.9317
46,0.0691,0.9317,0.9317
47,0.0691,0.9317,0.9317
48,0.0691,0.9317,0.9317
49,0.0691,0.9317,0.9317
50,0.0345,0.4659,0.4659
51,0.2763,3.7269,3.7269
52,0.1727,2.3293,2.3293
53,3.1777,42.8590,42.8590
54,3.1777,42.8590,42.8590,
55,6.3554,85.7179,85.7179,
56,6.3554,85.7179,85.7179,
57,12.7109,171.4358,171.4358,
58,6.3554,85.7179,85.7179,
59,88.9762,1200.0508,1200.0508,
60,177.9524,2400.1015,2400.1015, *geom.4
prop,0,0,2,1, *internal EPRI functions *prop. 1
*Water Property:
* Fluid property directly calculated by EPRI water properties function
rods,1,58,1,1,4,0,0,0,0,0,0, *three material types,one type of geo. *rods.1
0.0,0.0,0,0, *rods.2
-1, *rods.3
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1.55, *chopped cosine, with peak to average=1.55 *rods.5
*****************Fuel rod data and connection to channels*************************
* 29 rods, minus sign means channel receive heat from the inside surface of the rod
1,1,1.588,1,1,0.375,2,0.125,
-1,1,1.588,1,32,0.5,
2,1,1.562,1,1,0.25,2,0.25,3,0.25,4,0.25
-2,1,1.562,1,33,1,
3,1,1.582,1,2,0.125,4,0.25,5,0.125,
-3,1,1.582,1,34,0.5,
4,1,1.593,1,3,0.25,4,0.25,6,0.25,7,0.25
-4,1,1.593,1,35,1,
5,1,1.691,1,4,0.25,5,0.25,7,0.25,8,0.25
-5,1,1.691,1,36,1,
6,1,1.661,1,5,0.125,8,0.25,9,0.125,
-6,1,1.661,1,37,0.5,
7,1,1.666,1,6,0.25,7,0.25,10,0.25,11,0.25
-7,1,1.666,1,38,1,
8,1,1.674,1,8,0.25,9,0.25,12,0.25,13,0.25
-8,1,1.674,1,39,1,
9,1,1.559,1,9,0.125,13,0.25,14,0.125,
-9,1,1.559,1,40,0.5,
10,1,1.586,1,10,0.25,11,0.25,15,0.25,16,0.25
-10,1,1.586,1,1,41,1,
11,1,1.668,1,11,0.25,12,0.25,16,0.25,17,0.25
-11,1,1.668,1,42,1,
12,1,1.586,1,12,0.25,13,0.25,17,0.25,18,0.25
-12,1,1.586,1,43,1,
13,1,1.535,1,13,0.25,14,0.25,18,0.25,19,0.25
-13,1,1.535,1,44,1,
14,1,1.570,1,15,0.25,16,0.25,21,0.5,
-14,1,1.570,1,45,1,
15,1,1.580,1,16,0.25,17,0.25,21,0.5,
-15,1,1.580,1,46,1,
16,1,1.575,1,17,0.25,18,0.25,21,0.5,
-16,1,1.575,1,47,1,
17,1,1.561,1,18,0.25,19,0.25,21,0.25,22,0.25
-17,1,1.561,1,48,1,
18,1,1.550,1,19,0.25,20,0.25,22,0.5,
-18,1,1.550,1,49,1,
19,1,1.663,1,20,0.125,22,0.375,
-19,1,1.663,1,50,0.5,
20,1,1.554,1,21,1.75,22,0.25,23,2,
-20,1,1.554,1,51,4,
21,1,1.555,1,22,1.125,23,1.375,
-21,1,1.555,1,52,2.5,
22,1,1.587,1,23,3.5,24,42.5;
253
-22,1,1.587,1,53,46,
23,1,1.587,1,25,46,
-23,1,1.587,1,54,46,
24,1,1.587,1,23,0.125,26,91.875,
-24,1,1.587,1,55,92,
25,1,1.382,1,27,92,
-25,1,1.382,1,56,92,
26,1,1.261,1,28,184,
-26,1,1.261,1,57,184,
27,1,1.226,1,29,92,
-27,1,1.226,1,58,92,
28,1,0.941,1,30,1288,
-28,1,0.941,1,59,1288,
29,1,0.942,1,31,2576,
-29,1,0.942,1,60,2576, *rods.9
0, *rods.9
1,tube,0.55933,0.2965748,5 *rods.68
*Define fuel rod as heat generating tube with 5 regions
2,1,0.02250,0.0,? *inner cladding *rods.69
2,2,0.00244,0.0,? *inner gap *rods.69
8,3,0.08150,1.0,? *fuel ring *rods.69
2,4,0.00244,0.0 *outer gap *rods.69
2,1,0.02250,0.0 *outer cladding *rods.69
***************************material properties input table**********************
**** Zircaloy ****
1,17,409.0,clad, *rods.70
0.0,0.0671,7.3304509,?
25,0.0671,7.3304509,
50,0.0671,7.33045093,?
65,0.0671,7.33045093,
80.33,0.0671,7.33045093,?
260.33,0.07212,8.11585329,
692.33,0.07904,9.80167423,?
1502.33,0.08955,13.2923001,
1507.73,0.11988,13.3211893,?
1543.73,0.14089,13.5166505,
1579.73,0.14686,13.717249,?
1615.73,0.1717,13.9231981,
1651.73,0.1949,14.1347101,?
1687.73,0.18388,14.3519980,
1723.73,0.1478,14.5752746,?
1759.73,0.112,14.804753,
1786.73,0.085,14.9810589,
****** inner gap ****
2,1,0.025,igap, *rods.70
1,1.240834, 0.2156263, *Cp=5195J/kg-K *gap conductance - 6000 W/m2.K *rods.71
254
~***** uranium oxide *****
3,22,650.617,FUO2,
86,0.05677357,4.73275874,?
176,0.06078589,4.29917259,
266,0.06366347,3.93877428,?
356,0.06581210,3.63454049,
446,0.06747631,3.37435643,?
536,0.06880819,3.1493668,
626,0.06990545,2.95294976,?
716,0.07083283,2.78005572,
806,0.07163441,2.62676801,?
896,0.07234099,2.49000319,
986,0.07297458,2.36730189,?
1076,0.07355124,2.25667975,
1166,0.07408294,2.1565193,?
1256,0.07457886,2.06549023,
1346,0.07504628,1.98248979,?
1436,0.07549123,1.90659753,
1526,0.0759191,1.83704065,?
1616,0.07633503,1.77316713,
1706,0.0767443,1.7144247,?
1796,0.07715268,1.66034425,
1886,0.07756663,1.61052668,?
1976,0.07799351,1.5646323,
****** outer gap *****
4,1,0.025,ogap,
1,1.240834, 0.2149314, *Cp=51
oper,1,1,0,1,0,1,0,0,0,
-1.0,1.3,0.0,0.005,
0,
2248.12,562.46,7316.516,170.0,0.0,
*Operating Data:
* Outlet pressure: 15.5 MP
* Inlet Temperature: 294.7 o(
* Core Flow Rate: 3.3188 Ti
* Core Power: 170.0 kW
corr,2,2,0,
epri,epri,epri,none,
0.2,
ditb,thsp,thsp,w-31,cond,g5.7,
w-3s,w-31,
0.0, *w-3s ii
0.042,0.066,0.986, *w-31 ir
95J/kg-K *gap conductance = 6000 W/m2.K
*rods.70
*rods.71
*rods.70
*rods.71
*oper. 1
*oper.2
*oper.3
*oper.5
a
i (Increased by 2 'C)
Ig/s (1/8 of 150% of the effective flow rate of 17.7 Mg/s)
V/rod (150% of 3411 MW with 18% overpower)
*no forcing functions
*correlation for boiling curve
*dnb analysis by w-31
nput data
nput data
drag,1,1,4,
0.32,-0.25,0.0,64.0,-1.0,0.0, *Axial pressure drop correlation
*oper. 12
*corr. 1
*corr.2
*corr.3
*corr.6
*corr.9
*corr.10
*corr. 11
*drag,l
*drag.2
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0.559,0.6035 *drag.7
7.333,-0.2,0.0,7.333,-0.2,0.0, *Lateral pressure drop correlation *drag.8
grid,0,3, *grid.1
0.7,0.4,1.0, *grid.2
*Loss Coefficient, grid: 0.7; inlet: 0.4; outlet: 1.0.
******Local pressure loss coefficient for 31 outer channels***********
* Total 9 positions: 1 at the inlet, 7 grids and I at the outlet *
31,9, *grid.4
1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16, *grid.5
17,18,19,20,21,22,23,24,25,26,27,28,29,30,31, *grid.5
0.0,2,12.007874,1,32.007874,1,52.007874,1,? *grid.6
72.007874,1,92.007874,1,112.007874,1,132.007874,1, *grid.6
144.0,3, *grid location *grid.6
******Local pressure loss coefficient for 29 inner channels***********
* Total 2 positions: I at the inlet and I at the outlet *
29,2, *grid.4
32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47, *grid.5
48,49,50,51,52,53,54,55,56,57,58,59,60, *grid.5
0.0,2,144.0,3, *grid.6
0, *Termination of the grid input
cont, *cont. 1
0.0,0,750,150,3,0, *iterative solution *cont.2
0.0,0.0,0.001,0.0,0.0,0.9,1.5,1.0, *cont.3
5,0,0,0,0,0,1,1,0,0,0,1,1,1, *cont.6
1000.,0.0,0.0,0.0,0.0,0.0, *cont.7
endd,
*end of data input
0,
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Appendix F
INPUT FOR VIPRE-01 OF THE WHOLE CORE MODEL FOR THE RFERENCE
WESTINGHOUSE 4-LOOP PWR WITH 17X17 SPIRAL CROSS-GEOMETRY FUEL
* Westinghouse 4-loop PWR *
* 17x 17 Spiral Cross-geometry Fuel Design *
* 118% reference power *
* 2 TC increase coolant inlet temperature *
* 95% of effective core flow rate *
* 24 channels and 29 rods with 24 axial nodes *
* 0.0% power deposited directly in coolant *
* Turbulent momentum factor, FTM= 0.0 *
* Turbulent mixing model, 3 = 0.0 *
* Author: Dandong Feng *
* Date of creation: April 14 th, 2005 *
1,0,0, *vipre.1
Spiral Cross-geometry Fuel 17x 17 PWR,1/8 core *vipre.2
geom,22,22,24,0,0,0, *geom. 1
144.0,0.0,0.5, *geom.2
**********Channel data and Channel Connection Information*********************** *
* 22 Channels *
*Cylindrical fuel rod simplification
*Using equivalent heated perimeter and flow area
1,0.12497,1.63210,1.63210,4,3,0.1224,0.4144,4,0.1224,0.4972,5,0.1224,0.4144, *geom..4
7,0.1224,0.4972,
2,0.10693,1.61368,1.22408,4,3,0.0688,0.4144,4,0.1224,0.4972,9,0.0688,0.4144,
11,0.1224,0.7459,
3,0.05347,0.80684,0.61204,
4,0.12497,1.63210,1.63210,2,6,0.1224,0.4144,11,0.1224,0.7459,
5,0.05347,0.80684,0.61204,1,8,0.0688,0.4144,
6,0.10693,1.61368,1.22408,3,7,0.0688,0.4972,11,0.1224,0.7459,12,0.0688,0.8730,
7,0.10693,1.61368,1.22408,2,8,0.1224,0.4972,12,0.0688,0.8730,
8,0.10693,1.61368,1.22408,2,10,0.0688,0.4144,12,0.1224,0.8730,
9,0.05347,0.80684,0.61204,1,11,0.1224,0.6630,
10,0.05347,0.80684,0.61204,1,12,0.1224,0.7902,
11,0.56238,7.34446,7.34446,2,13,0.6118,0.4972,14,0.1224,1.2431,
12,0.52629,7.30762,6.52841,2,14,0.1224,1.4917,16,0.6118,0.6244,
13,0.62420,8.91210,7.54847,1,14,0.0688,1.4917,
14,0.23190,3.24579,2.85618,1,15,0.2447,0.6244,
15,0.39250,4.89631,4.89631,2,16,0.1893,1.9890,17,0.2447,2.4919,
16,1.1335,14.0769,14.0769,1,17,0.7342,2.4919,
17,8.711,1 17.459,107..719,2,18,1.0458,4.2323,19,1.0458,4.9377,
18,8.711,117.459,107.719,2,19,1.0458,4.9377,20,1.0458,6.7014,
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19,17.423,234.918,215.437,1,20,2.0916,7.4068,
20,69.690,939.671,861.750,1,21,5.2289,13.1497,
21,243.916,3288.850,3016.125,1,22,9.4121,19.5108,
22,487.831,6577.699,6032.250, *geom.4
prop,0,0,2,1, *prop. 1
*Water Property:
* Fluid property directly calculated by EPRI water property function
* Evaluate water property at the local pressure
rods,1,27,1,2,0,0,0,0,0,0,0, *rods. 1
0,0.0,0,0, *rods.2
-1, *Chopped Cosine *rods.3
1.55, *Axial power peaking factor = 1.55 *rods.5
************Fuel rod data and connection to channels******************************
* 27 rods *
1,1,1.6500,1,1,0.25,2,0.25,3,0.25,4,0.25, *rods.9
2,1,1.6500,1,1,0.25,5,0.25,7,0.25,8,0.25,
3,1,1.6480,1,1,0.25,4,0.25,6,0.25,7,0.25,
4,1,1.6310,1,1,0.25,3,0.125,5,0.125,
5,2,0.0000,1,2,0.25,3,0.125,9,0.125,
6,2,0.0000,1,5,0.125,8,0.25,10,0.125,
7,1,1.6050,1,9,0.125,11,0.375,
8,1,1.6410,1,2,0.25,9,0.25,11,0.5,
9,1,1.6070,1,2,0.25,4,0.25,11,0.5,
10,1,1.6030,1,4,0.25,6,0.25,11,0.5,
11,1,1.6200,1,6,0.25,11,0.25,12,0.25,14,0.25
12,2,0.0000,1,6,0.25,7,0.25,12,0.5,
13,1,1.6240,1,7,0.25,8,0.25,12,0.5,
14,1,1.6010,1,8,0.25,10,0.25,12,0.5,
15,1,1.5410,1,10,0.125,12,0.375,
16,1,1.6111,1,11,2.375,
17,1,1.5423,1,12,2.375,
18,1,1.6192,1,13,4.625,
19,1,1.5858,1,14,1.5,
20,1,1.5444,1,15,3,
21,1,1.6002,1,16,8.625,
22,1,1.5870,1,17,66,
23,1,1.5870,1,18,66,
24,1,1.5870,1,19,132,
25,1,1.2825,1,20,528,
26,1,0.9410,1,21,1848,
27,1,0.9420,1,22,3696, *rods.9
0, *blank line for termination *rods.9
1,nucl,0.519514,0.475,8,0.0,0.0225, *rods.62
*Define as nuclear fuel rods, equivalent diameter
0,0,0,0,0,1000,0.95,0.0, *rods.63
2,dumy,0.496063,0.0,0, *rods.68
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*Define guide tubes as dummy rods
oper,1,1,0,1,0,1,0,0,0,
-1.0,1.3,0.0,0.005,0
0,
2248.1,562.46,7316.516,118.4933,0,
*Operation Data:
* Outlet pressure: 15.5 MPa
* Inlet Temperature: 294.7 oC (I
* Core Flow Rate: 3.3188 Mg
* Core Power: 118.4933 k
0, *no forcing fu
corr,1,1,0,
*oper. 1
*oper.2
*oper.3
*oper.5
ncreased by 2 'C)
/s (1/8 of 150% of the effective flow rate of 17.7 Mg/s)
:W/rod (150% of 3411 MW with 18% overpower)
nctions *opI
epri,epri,epri,none,
0.2,
ditb,thsp,thsp,w-31,cond,g5.7, *correlations for boiling curve
*use u-31 as an approximation, more research is needed for this type fuel
w-31, *dnb analysis by w-31,
0.042,0.066,0.986, *w-31 input data
drag,1,1,4,
0. 1093,-0.18,0.0,64.0,-1.0,0.0, *axial friction correlation
0.3749,0.496,
3.098,-.2,0.,0.,0.,0.5 * lateral drag correlation, needs more research
grid,0,2,
0.4,1.0,
*Loss Coefficient, inlet: 0.4; outlet: 1.0
-1,2,
0.0,1,144.0,2
0,
cont,
0.0,0,50,50,3,0, *iterative solution
0.0,0.0,0.0,0.0,0.0,0.9,1.5,1.0,
0,2,0,1,2,0,1,1,0,0,0,1,0,0,
1000.,0.0,0.0,0.0,0.0,0.0,
1,5,
1,5,
endd,
*end of data input
0,
er. 12
* corr. I
*corr.2
*corr.3
*corr.6
*corr.9
*corr. 11
*drag. 1
*drag.2
*drag.7
*drag.8
*grid. 1
*grid.2
*grid.4
*grid.6
*cont.1
*cont.2
*cont.3
*cont.6
*cont.7
*cont.8
*cont.10
*cont. 11
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